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November 1965. This Symposium was sponsored by the American
Helicopter Society and was co-hosted by the Aeronautical
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Technology Division, of the Air Force Systems Command.
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ABSTRACT

The proceedings of the First National V/STOL Aircraft
Symposium held at Wright Putterson Air Force Base, Ohio on
3 - 4 November 1965 are presented in this report. This
Symposium was sponsored by the American Helicopter Society
and was co-hosted by the Aeronautical Systems Division and
Systems Engineering Group, Research and Technology Division,
of the Air Force Systems Command,

The proceedings as set forth in this report are in the
same order as presented during the meetings. The technical
papers presented are grouped into the following three categories:
(1§ V/STOL Aircraft Design, (2) V/STOL Subsystem Design, and
(3) V/STOL Aircraft Testing and Operation.
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THE INFLUENTIAL VARI.ABLES OF V/STOL PROPULSION

W. L. Rodenbaugh
Advanced Product Planning Operation

L. B. Veno

Manager, Aircraft Systems, Small Aircraft Engine
Department

Flight Propulsion Division, Geieral flectric Company,
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INTRODUCTION

This paper on VIOL influence factors presents the results and summary
conclusions of a wide scope study for a number of contemporary types of V/STOL
systems, The purpose of this paper is to highlight influential factors in the
area of propulsion and propulsion-associated items and to point out for comment
and coneideration the common and uncommon items which should guide our future
design efforts for propulsion specifically directed to V/STOL applications.

As is the case with most papers, much of the discussion will deal with
those items and assumptions which are necessary to fcrm a somewhat generalized
background upon which to base the actual point of the s*udy. It was our
purpose, when formulating this paper, to show a fundamental approach which
encompasses the span of V/STOL's. We hope to show that although helicopters
and V/STOL supersonic fighters appear initially as widely divergent types, to
the propulsion planner there are a significant number of areas that we can
isolate with common requirements and a number of areez ~f advancement in
propulsion technology which will benefit most V/STOL designs.

We shall begin with a broad definition of what we mean by an "influential
variable." In the view of the authors, this is some precisely measurable
design criteria, such as engine weight or SFC, which significantly influences
the overall missinn performan-e of the V/STOL system. Conversely, the
"sensitivity" of a system is the quantitative chlange in mission performance
with a change in the "influertial variable."

Another objective of this paper is to illustrate what is of fivst
importance; a ranking of the influential variables, if you will. From the
standpoint of propulsion designers, iL is important for all of us to realize
that advancement in propulsion technology alone will not provide a
satisfactory solution in terms of minimum penalty for VTOL.

Finally, Yy our presentation of the subject, we hope to emphasize the
approach being taken by Gereral Electric across the broad spectrum of VTOL
configurations, thereby emphasizing our diverse interests and activities in

this area.
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SCOPE

Present-day applications for V/STOL are numerous. For example, the roles
of logistics, close support, attack, surveillance, ets., are all envisioned as
possible V/STOL systems. Actually, more V/STOL's are in various stages of
design and development then new, conventional aircraft syscems.

On cach type, for each application, one can find el.nents wiich we have
selected as important influence factors. They are shown on Figure I.

We recognize that dollars, downwash, operating cost, etc., are also
importZnt, However, in order to be msre objective we have confined our
studies to the values shown. Each of the influence variables will be dis-
cussed separately and the basis of their representative values established.
It should be noted that a majority of propulsion items are listed; however,
some items, such as time in lift, reaction control allowance and lift margin,
are included to emphasize the critical nature of system “equirements as well.

Figurz z illustrates some of the V/STOL types of the day from the heli-
copter to the supersonic VIOL fighter., We recognize that there are in addi-
tion to those shown many more, such as the X19/X22/P1127 types. Although
these a~e all valid members of the V/STOL family, we have confined our
analysis: to principally account for the types shown. In Figure 2 we h.ve
noted the characteristics of each by their respective flat plate drag area,
wing loading and disc loading. We have found, as have others, that the
parameter disc loading is a good fundamental measurement criteria for V/STOL
systems,

As a first example, we show the respective lifting efficiencies of the
five propulsion systems on Figure 3 over the range of disc loadings from 7 to
beyond 2000 lbs/sq. ft. We have further designated the dlsc loading of 7-10
lbs/sq. fu. to represent the helicopter and compound types, we havz presumed
the area between 30-50 lbs/ sq, ft. as the province of the tilt-witug design;
the 1ift fan, fixed-wing airplane is given 400-600 lbs/ sq. ft.; and finally,
4 fixed-wing airplane utilizing direct lift with deflected cruise propulsion
is plotted between 2000-4000 lbs/sq. ft. These particular designs form a
continuous curve of 1ift per unit power required which varies inversely with
disc loading. This curve is based, of course, on the familiar relationship
F=m V., The value of disc loading is more significant since it determ!ncs
the relative size of the vehicle. It is also fundamental to the design
when considering its influence on such things as downwash, erosion, noise,
reingestion, etc. One must remember that low disc loading is arhieved by use
of l1ifting devices; i.e.,, rotors, propellers, fans, jets, whict are part of
the total propulsion system. As we all know, this curve shows the sacrifice
in lifting efficiency made to achieve the compact installation for high speed
flight,

Usually, the vertical flight requirement is most critical in defining
the total propulsion requirements; however, egility, STO limits or high speed
requirements can occasionally override in setting the amount of installed
power. In general, because of the relative efficiencies i: forward flight, we
considered that design cruise speed tends to vary with disc loading as shown
(Figure 4). In the lower disc loading devices, the lifting system is jointly
used for cruise propulsion or with some modification, such as rotor-unloading
on a compound. However, on nost of these types, including the tilt-propeller
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and tilt-wings, speed potential is somewhat limited by this all-purpose utili-
zation, These vehicles tend to balance the power required for hover and the
power required for cruise. The trend toward the "composite'" powerplant is
recognized for a high speed design. This is true of the lift fan type

and in the fighter having botl specialized lift and cruise powerplants. The
P1127 is, of course, an exception which returns to a single propulsion system
for both 1ift and cruise. You will note that high disc loading V/STOL's .iay
be designed for both subsonic and supersonic operation,

In Figure 5 data is presented to document the principal characteristics
of the baseline designs selected. Because of their particular characteristics,
low disc loading devices (helicopters, compounds) tend to be short range, high
payload devices. The steady downward trend of payload and reversed trend
of fuel carried (range) versus disc loading is noted. Therefore, on the high
end of the spectrum the lift-supported vehicle is generally longer in range
with a relatively small payload.

Obviously, we recognized that each of the various types have a particular
kind of use; that the efficient lifting system, like helicopters and compounds,
will fulfill missions requiring a significant time im hover, whereas the high
speed systems will be asked to utilize their VTOL capability for little more
than vertical take-off and landing, minimizing "inefficient lift system"
effects. Certainiy this and other baseline assumptions are argumentative and
will be, therefore, one of the influence factors evaluated. Most of the base-
line vehicles shown on Figure 5 are representative of today's flying V/STOL
hardware or extrapolations to the baseline gross weight of 30,000 lbs.

DISCUSSION

The first influence factor to be considered is "time in lift." This is
shown on Figure 6, as mentioned earlier, to decrease rather steadily with disc
loading. It reflects that when one is good at something, he is asked to do it
more frequently. The interesting thing about time in lift is that when it is
combined with lifting efficiency, the result is a rather constant amount of
hover fuel on board regardless of type (refer back to data in Figure 5).

The second influence factor selected is also one established by the
system/mission requirement and not by design., It is referred to in this
paper as the "1lift margin." In order to explain the lift margin, it is best
first to review the characteristics of gas turbine engines. We are aware that
thrust or horsepower output is adversely affected by ambient temperature and
altitude., The first is fundamentally a Mach numnber effect; the second is
related to density., The rate of deterioration of thrust or power is shown on
Figure 7a as a function of sea level temperature and altitude.

Classically, the V/STOL system requirements are being written with capa-
bility required on some non-standard day. In effect, a vehicle designed for a
condition such as 6000 ft, 95°F VIO will have a large reserve of power or thrust
on a standard day.....we call this 1ift margin.

Figure 7b plots lift margin versus disc loading and for reference pur-
poses, we have superimposed the non-standard day condition grid. It should
be noted that this margin includes, for all types studied, a fixed 107 allow-
ance for ground effect, vertical acceleration, etc. Again the more efficient
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lifting machines are called upon to meet the more stringent requirements, It
is evident that a substantial margin is being built into the low disc loading
types by present practices. We don't attempt, in this paper, to justify
these choices, nor do we allow ourselves the luxury of ignoring the fact that
these are, in the end, the likely military design conditions. The influence
of these assumptions will alsd be one of the prime items investigated as
regards its effect on performance.

There is an element in 1lift margin which, though included in the data of
Figure 7a, we have elected to examine separately; that is, the excess of power
or lift for allowance of satisfactory control of the aircraft in hover;
""reaction control.," The variation of reaction control 1ift allowance with
disc loading is shown on Figure 8,

This reserve is based on traditional requirements for minimum acceptable
flying qualities for stability, maneuvering, and engine-out emergency. In the
case of each type, the most optimum configuration was essumed. For example,
in the case of the l1ift fan, the gas-power transfer system was used (References
4, 5, 6, 9, 10, and 11),

Now, the lifting efficiency, lift margins and reaction control, as well
as cruise speed, manifest themselves in determining the size, and hence weight,
of the propulsion system., As noted earlier, we have elected to segregate
those portions of the aircraft system which we consider part of the lift pro-
pulsion group. Under this heading come such things as rotors, transmissions,
propellers, gearboxes, fans, vectoring systems and lift engines. Further, we
try to separate the propulsion devoted to cruise from that used exclusively
for l1ift, This gets to be "arbitrary" in rotary-wing vehicles.

The lifting system lift/weight ratio is shown as one of the curves on
Figure 9. This curve includes the total installed weight of the various
lifting systems, It reflects, in part, the lifting efficiency trend when
plotted versus disc loading and yet still shows that the higher disc loading
devices .are the lightest per pound of thrust outp:ut. In opposition to this
trenc, the cruise engine weight is seen to be increasing as a result of higher
cruise speeds expected with the high disc loading vehicles. In the case of
both lift and cruise systems, suitable weight penalties have been included for
installation, ducting, control and accessory arrangements (see Reference 5 for

example),

The surprising and quite significant thing about these plots is in the
summation of these weights denoted by the "1lift and cruise systems." This
shows that regardless of the VIOL type (disc loading), the total effective
lift-to-weight ratio is very nearly a constant across the spectrum. This
tells us that it takes weight to generate l1ift and provide thrust, and that
we must look to the trade-offs which take place within the total propulsion

package.

The concept of using the term L/W (the ratio of total installed hover
l1ift to installed propulsion weight) is useful since it provides an immediate
index of the amount of propulsion on board any vehicle:
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Propulsion Weight =Lift Margin
Gross Weight Total Inst. L/W

% Propulsion Weight =

As an example from the previous:

For Low Disc Loading = W/GW =1§2 = 347 Gross Weight

For High Disc Loading= W/GW =i§3 = 247 Gross Weight

The direct influence of 1ift margin on installed engine weight should be noted.

The propulsion system performance with ''representative' state-of-the-art
is best shown by curves of specific fuel consumption on an equivalent thrust
basis for both l1ift and cruise powerplants when operating in their respective
environments, These are shown as trends on Figure 10a. The lift SFC
increases directly with disc loading, as we would expect from Figure 3, The
cruise SFC, on the other hand, levels out at the disc loadings where turbofan
or turbojet cruise propulsion is used.

Even though the cruise SFC increases with disc loading, this is
counter-balanced by the higher cruise speeds and produces a rather constant
variation in specif ¢ -ange [ N. Miles= Velocity as shown on Figure 10b.

b fuel (SFC) (Drag)
The reduction in cruise etficiency shown for the helicopter and compound
designs is due primarily to supporting the wcight of the vehicle on a rotor
in flight, as opposed to the more efficient use of a fixed wing (we know,
of course, that many other advantages exist for this rotor-supported design).
Specific range, as reflected by the specific fuel consumption in cruise,
will be one of the significant influence factors investigated.

RESULTS

The overall performance of the various V/STOL types is shown on Tigure 11
wherein mission performance is plotted versus disc loading for our series of
30,000 lb vehicles. The strong trend oi increasing radius with disc loading
is partially the result of decreasing payload. Thus, the capability, measured
by ton-miles flown (radius x payload), is perhaps the best measure of owerall
ability,

It is interesting that although many diverse assumptions were made, the
capability of VIOL types is surprisingly insensitive to the choice of disc
loading and design cruise speed. Slight compromises shown in productivity
at either end of the disc loading spectrum are in favor of either greater
time in lift or greater cruise speeds, Remember that the lower disc loading
end of the curve can be altered to somewhat higher productivity simply by

reassigning the fuel, here assumed for 1lift, to fuel available for cruise.
Variations in influence factors will be measured by their effect on the
radius (hence productivity). Recall, as we discuss the factors that the

desire is to show a relative change, not to isolate the absolute capability

of any one of the systems, nor to establish one type as superior to others,
This, then, gets us to the point of this paper -- how do propulsion factors

influence capability in these "base''designs.
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Figure 12 plots the percent change in radius versus percent change in the
selected variables for the tilt-wing design. We have chosen to describe in
detail the tilt-wing since it lies part way between the limits of disc loading
covered. The plot illuatrates relative effects of arbitrarily altering the
variables from the base value (Figures 3-10), one at a time to present the
effect on capability (radius) and also the relative sensitivity (slope of the
lines) of the variables compared to each other,

We further chose to plot the curves such that the change in variable is
in the direction to decrease radius. The relations are for a constant gross
weight design, requiring, for example:

. Reduction in cruise fuel available with increases in propulsion size;
herice, weight due to greater totel lift for changes in control or lift
margin,

« Reduction in cruise fuel available with increases in propulsion weight
(1ift or cruise) or increased time in lift,

. Reduction in radius by poorer specific range resulting from increased
cruise SFC for unchanged fuel load.

Certainly, radius capability could have been retained as a constant and the
gross weight adjusted. However, we feel that for the purpose of description
in the paper, rhe trends determined are accurate and descriptive,

Specifically, from the data for the tilt-wing, we see that the propul-
sion weight, lift or cruise, is of similar importance to the cruise efficiency
(SFC). This group is somewhat more critical to productivity than lift margin
and significantly more influential than assignment of control requirements or
lift time or lift SFC. As an example of the use of the curve: Assume a 207
change in each variable and read the resulting effect in capability as a per-
cent change in radius:

Variable Change

207% Radius

n, mi,
Base New % Change 0ld New
Cruise SFC, Lb/Hr/Lb Thrust + 55 .66 20 250 200
Lift System Weight, Lb 4500 5400 30 ' 175
Cruise Engine Weight, Lb 3000 3600 19 _ 203
Lift Margin, % Lift 37 44 14 | 215
Time in Lift, Minutes 10 12 7 ‘ 232
Reaction Control, 7% Lift 12 14.4 5 237

One concludes from the above that a 207 increase in the lift system weight
would hbe the most costly, e-counting for 75 miles of range decrease., To
propulsion people, these daia provide some guidance as to where to place
emphasis in cur design work,

Figure 13 i8 a collection of plots similar to Figure 12 for each of the

systems studied. Reference is made to the legend to follow the effects of the
variables.,
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one constant value being cruise SFC, which remains a 1l:1 line in each case.
The figures are presented here primarily for the reader's perusal on detail
questions and as a documented step to the final summary curve of the paper
which follows.

Figure 14 rummarizes the effects of the chosen influence parameters
against disc loading. The ordinant of the curve is presented as the slope
of the lines of Figure 13 (change in radius with change in variable) so that
the results then are compared on the besis of radius sensitivity as a function
of disc loading (type of system) for each selected influence factor,

CONCLUSIONS

Using the curve interrelations, some revealing trends can be brought
out:

l. All variables but cruise SFC have a downward trend with disc loading.
This implies that the lower disc loadings are more sensitive (in
capability) to different values of influential factors than higher disc
loading systems,

2. At the disc loadings above 100 1b/ft®, the cruise SFC is from 1 to 2.5
times as influential as propulsion weight and approaches eight times the
importance of 1lift time (or SFC), reaction control or establishment of
some required lift margin., Thus, any minimization of weight at the
expense of cruise efficiency would appear to be erroneous.

3. At disc loadings generally associated with high speed designs -- 500 1b/£t2
up, the change in sensitivity of the parameters with change in disc
loadings is small,

4., 1In the range of rotary wing or propeller lift designs -- disc loadings
below 100 1b/ft2 -- the weight of the lift system becomes the dominant
variable (due perhaps to the fact that tne lift systems, as we v.ew it,
is the majority of the propulsion group). The importance of weight
reduction in the large multipurpose discs thus appears to be of para-
mount importance. Also, in this type small changes in lift margin
assumed are significant because of the large initial amount of lift
tradtionally having been reserved.

5. The reverse in the sensitivity trend for the designs at very low disc
loadings (belouw 10 1b/ft2) is brought about by the very rapia increase
in 1ifting efficiency at these low disc loadings which tend to mask
propulsion variations.

‘6. A second striking characteristic which is due to the high lift efficiency

at low disc loading is the relative insensitivity of time in lift even
though the basic designs had more than 10:1 ratio of assigned time
across the spectrum ( 2 mins, to more than 20 minutes).

All these variations are certainly affected by the initial assumptions.
Our purpose was to be adequately consistent across this broad spectrum
thereby to give insight to the relative importance of influential propulsion
parameters. We have attempted to study in the ''real world'" as regards
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required margins, time in lift, reaction control level and current propulsion
weight and SFC state-of-the-art. Other assumptions, other missions, other
sizes, other propulsion schemes can skew or may even reverse some trends.
Notwithstanding, the basic conclusions drawn from the work in this paper

will still remain useful. They are summarized below.

SUMMARY

The purpose behind this work was to investigate and highlight propulsion-
oriented influence factors for a wide spectrum of V/STOL designs. Let's review
and summarize the study:

1. Relating the various types of systems to their disc loading proved to be
a useful way of obtaining meaningful relations in the family of V/STOL

aircraft,

2. Relating change in capability (radius) with change in variable is a
direct and useful method to evaluate both influence and sensitivity of
designs to influential parameters,

3. Although there is a wide variation in division of total propulsion
weight, between lift and cruise engine, across the spectrum of designs,
there is a surprisingly constant installed lift-to-weight ratio for the
total propulsion system. This definitely underlines the need to discuss
V/STOL propulsion "in total” -- not to concentrate exclusively on only a
portion of the system, nor to neglect the weight of installation. This
is equally true not only for the high disc loading vehicle where the
engine manufacturer has been nominally responsible for the entire system,
but also for the rotary wing machines where the '"1lift system' is
traditionally the airframer's province.

4, Recognizing the existence of a nearly constant value of weight per unit
of lift, the capability of the various systems is strongly influenced by
the amount of 1lift margin which then establishes the percent of the
gross weight which will be taken up by the total propulsion group.

5. The design point 1lift margin is strongly influenced by the altitude/
temperature condition at which VIO is required. The penalties of choos-
ing a stringent combination -- because of precedent or as a '"hedge"
against marginal utility -- are significant. In low disc loading
systems, this choice can far outweigh the influence of advances in pro-
pulsion performance and weight,

6. Considering the variation in roles and aerodynamic configuration in the
the systems studied, the consistency of the TON-MILE capability is
significant, If there is indeed a penalty for V/STOL, it apparently is
uniform across the disc loacing spectrum,

e The study illustrates again the fundamental principal that propulsion
efficiency -- as manifested in SFC at cruise power -- is extremely
important., There would seem to be little to gain by conpromising
propulsion performance to reduce weight or otherwise favor the lifting
task (i. e. oversizing the cruise engine for large margins or control,
etc.).
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Propulsion advancements that will contribute most directly to progress in
V/STOL are suggested by the sensitivity relations:

. Reduction in total installed engine weight without compromise in the
goals of improved cruise performance.

. Engines designed to be ''rated” such that the decay in lift potential
with takeoff altitude and temperature and by generation of reaction
control is minimized.

. Reduction in weight without cruise efficiency compromise in rotary
wings and propellers are at least as important to capability as the
expected advancements in '"engines.”

Speaking as V/STOL propulsion system planners, data such as this
emphasizes the fact that the adequacy of a propulsion scheme cannot be
assessed without involving the aircraft and mission; neither can it be
assessed 'piece at a time.'" Most important, basic propulsion advance-
ments which benefit a particular V/STOL vehicle are likely to be
applicable and beneficial across the spectrum of V/STOL aircraft. We
plan to remember this.,
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-TYPICAL CONFIGURATIONS

Gross Weight for All Designs = 30,000+
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ABSTRACT
HOT CYCLE ROTOR/WING HIGH-SPEED VTOL AIRCRAFT

M. S. Harned, Vice President - Operations, and R. E. Head, Project
Engineer - Advance Design

The Hot Cycle Rotor/Wing is a new concept for a high-speed VTOL
aircraft that approaches the high-speed capability and cruise efficiency of
a fixed-wing jet airplane, combined with hover efficiency and operational
advantages approaching those of a helicopter. The concept embodies a
simple and lightweight lift/propulsion system and provides high payload
capability with corresponding economic benefits. The Rotor/Wing is a
unique, dual-purpose lifting device that is basically a Hot Cycle rotor with
an unusually large hub. It functions as a helicopter rotor with tip-jet
drive for vertical and low-speed flight and stops during flight to become a
low-aspect-ratio, fixed-wing for cruise. By stopping the rotor for forward
flight, the speed limitations of the helicopter are removed. The feasi-
bility of the Hot Cycle propulsion system has been proven by the success-
ful flight testing of the XV-9A helicopter. The practicability of the Rotor/
Wing concept has been demonstrated through wind tunnel tests and Hughes-
sponsored whirlstand tests. The Air Programs Branch of the Office of
Naval Research and the Airframe Design Section of the Bureau of Naval
Weapons have jointly supported a wind tunnel research program. These
tests provide basic information on all flight regimes of the Rotor/Wing
aircraft and are described in detail. A typical Rotor/Wing vehicle is also
described. At the end of September 1965, the Hughes Hot Cycle Roter/
Wing entry was named as one of the winners in the U. S. Army AVLABS
Composite Research Aircraft competition.
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SUMMARY

The Hot Cycle Rotor/Wing is a new concept for high-speed vertical
takeoff aircraft. It is a unique, dual-purpose lifting device that is basi-
cally a Hot Cycle helicopter rotor with an unusually large hub. It acts as
a tip-jet-powered rotor for vertical and low-speed flight, and stops during
flight to become a low-aspect-ratio, swept wing for cruise. By stopping
the rotor in forward flight, the speed limitations of the helicopter rotor
are removed, enabling more efficient cruise and operation at speeds up
to 500 knots as a jet airplane. The single, dual-purpose lifting device
combined with the simplicity and light weight of the Hot Cycle propulsion
system holds promise of high payload capability superior to that of any
other high-speed VTOL aircraft concept.

The Hot Cycle Rotor/Wing promises:

Hover efficiency and low-speed flying qualities comparable to
those of conventional helicopters.

Cruise lift/drag ratio superior to a delta wing.

Universal operational suitability due to low downwash velocity
and low noise level in hover.

Safety of flight due to simple and straightforward conversion
procedure and capability to initiate an autorotational landing
from any flight mode.

Simplicity, low support requirements, low empty weight, high
payload capacity, good cruise efficiency, and high productivity.

INTRODUCTION

For many years there has been an intensive search by much of the
airplane and helicopter industry for a high-speed VTOL aircraft. This
effort has produced a large variety of concepts, most of which have had
serious deficiencies in complexity, _cost, or operational unsuitability.

Our approach at Hughes was to restrict our research to vehicle types
that would have a high enough lift per horsepower to be economically
practical and have a low enough noise level and downwash velocity to be
operationally practical. This quickly limited our field of lifting systems
to the low-disc-loading helicopter rotor. This is illustrated first in
Figure 1, where the ratio of lift/horsepower is plotted as a function of
downwash velocity. Here you see that the helicopter rotor typically pro-
vides twice the lift per horsepower of the propeller and thirty times that
of the turbojet. This is quite important, beczuse fuel consumption in
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hover and engine weight are directly related to the power requirement in
low-speed flight. If it is assumed that operation without specially pre-
pared surfaces and protectic for ground personnel is a requirement, the
downwash also should have less than hurricane velocity; this further
limits the choice to the helicopter rotor. Figure 2 clearly points to the
selection of either a turbine shaft-driven or Hot Cycle-driven helicopter
rotor on a noise level basis. Although our studies wei'e much more de-
tailed than this, these two charts show the basic reasons why we con-
cluded that any useful VTOL aircraft must use a helicopter rotor toprovide
the vertical rising capability.

Fortunately, the Hot Cycle tip-jet rotor drive had already been
developed, providing the ability for a helicopter to carry a useful load
approaching twice its empty weight. The XV-9A Research Vehicle is
shown in Figure 3 flying with the first successful Hot Cycle rotor. The
propulsion system is illustrated in Figure 4.

This simple, lightweight rotor drive clearly offered great potential
for an efficient VTOL aircraft. Consequently, the remaining step was to
adapt the rotor to permit a high subsonic cruise capability. Systems for
retracting the rotor appeared complex, heavy, and expensive, therefore,
our efforts were directed toward stopping the rotor and using it as a wing.
Our final solution was that of incorporating a large ''trisector' hub fairing,
intermediate in shape between a circle and a triangle, as illustrated in
Figure 5. This fairing accomplishes the following:

1. Supports the blade, with a very small weight penalty, far
enough out so that the rotor can be slowed down and storped
at a speed of 150 knots. Our studies showed that a con-entional
rotor that depends on centrifugal force to support the blades at
high forward speeds would become excessively heavy if it were
strong enough to stop turning at 150 knots.

2. Exposes enough of the outer portion of the rotor blade to provide
good hovering capability.

3. Fairs out completely the hub and rotor mechanisms that are
major drag factors on the helicopter.

4. Provides a fixed-wing shape having a high sweep angle at the
root decreasing at the blade with a better aspect ratio than that
of a delta wing.

5. Provides a fixed-wing shape with a center of pressure close to
the rotor mast. This feature is quite important for balancing
the aircraft in both the running-rotor and stopped-rotor flight
modes.
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Having developed a very promising concept, we proceeded to test] the
hover characteristics and verified predictions of hovering efficiency based
on rotor theory2'3. At this point, ONR, and BuWeps became interested,
and sponsored a wind tunnel test program. These tests! demonstrated the
ability to stop and start the rotor at 150 knots and showed the Rotor/Wing
to have an acceptable fixed-wing lift/drag ratio. This paper describes in
detail the test results and some of the potential applications of the Hot
Cycle Rotor/Wing.

HOT CYCLE ROTOR/WING CONCEPT

The proven Hot Cycle propulsion system4, shown schematically in
Figure 4 for the XV-9A, offers a mechanically simple system to power
rotary-wing aircraft, and is used to drive the Rotor/Wing. High-energy
gases from turbine gas generators are ducted out through the blades to
tip-jets that drive the rotor like a pinwheel. The rotor itself becomes
the power turbine, converting the energy of the gases directly to rotary
power. Because all the power is transmitted pneumatically through light-
weight ducting, all gearboxes, shafting, and the tail rotor are eliminated.
The last is possible because there is no shaft torque to counteract. This
makes possible nearly doubling the useful load to empty weight ratio of a
shaft-driven helicopter.

The application of the Hot Cycle drive to the Rotor/Wing is illustrated
in Figure 6. For vertical takeoff, the rotor is driven by the tip-jets, the
same as the XV-9A. For forward flight when the rotor is stopped, diverter
valves direct the gases straight out the tailpipe for direct propulsive
thrust.

Figure 7 pictorially illustrates the various flight regimes available
to the Hot Cycle Rotor/Wing aircraft and the associated speed ranges.
The Hot Cycle Rotor/Wing aircraft takes off, hovers, flies at slow speeds,
and lands in the helicopter mode, during which the rotor is powered by its
tip-jets, and the aircraft is controlled nrincipally by rotor-blade cyclic
and collective pitch control. To increase flight speed, the power is
shifted from the rotor to airplane-type thrust noz~les, and the rotor
autorotates; primary control is still through rotor cyclic pitch, aided by
the rudder and elevators. As the speed reaches approximately 150 knots,
the rotor is slowed until it stops turning, and the rotor hub acts as a
fixed wing for pure airplane flight; control now is provided by the rudder
and the elevators, acting in unison for pitch control and differentially for
roll control. In the airplane configuration, high subsonic speeds are
achievable.

The conversion from helicopter flight to airplane flight can be accom-

plished manually in a very straightforward manner, and this has been
demonstrated in wind tunnel tests. Analysis has shown that no stability
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augmertation system is required during conversion. The conversion pro-
cess can be reversed at any time at the desire of the pilot, and can be
accomplished in level flight, during climb, or in descent, at the option of
the pilot.

The improved cost-effectiveness of the Ro*or/Wing aircraft with
respect to other high-speed VTOL concepts is most easily shown by com-
paring plots of the payload-to-empty weight ratio versus range. Data
taken from the tiade press is used in Figure 8 to compare a number of
aircraft concepts for hover out of ground effect at standard day sea
level conditions. The payload/empty weight ratio basically compares
the work that a craft can do with what it costs, since the initial and operating
costs are nearly proportional to the empty weight for a class of similar
aircraft. The Rotor/Wing has considerably better payload-to-empty-
weight for ranges up to 1700 nautical miles than the other types for VTO
at standard sea level. The greater cost-effectiveness of the Rotor/Wing
is even more pronounced, as shown in Figure 9, for VTO at 6000 feet 95° F.
The main reasons for this improved cost-effectiveness lie in the simple
and lightweight Hot Cycle propulsion system, in the hovering performance
of the helicopter-type rotor, and in the use of a dual-purpose lifting device,
that avoids duplication of lift and propulsion systems for various flight
regimes.

A most important advantage of the Hot Cycle Rotor/Wing aircraft
over many other low-disc-loading, high-speed VTOL's is its safety of
flight aspect with regard to entering autorotation in case of complete engine
power failure. The Rotor/Wing is a single lifting device that is not folded
or retracted to attain aercdynamic cleanness for high-speed flight, and it
can be quickly and simply unlocked and brought up to speed, using only
aerodynamic forces, so that an autorotational landing may be made.

DESIGN STUDIES FOR HOT CYCLE ROTOR/WING VTOL
AIRCRAFT APPLICATIONS

The Hot Cycle Rotor/Wing is adaptable to a wide range of vehicles
that require high cruise speed capability with the hovering efficiency and
operational advantages approaching those of the helicopter. A number of
applications that have been studied are illustrated in Figure 10. Details
of one, the recovery/transport aircraft, will suffice to demonstrate the
potentialities of the concept.

This general-purpose vehicle has a design gross weight of 45, 500
pounds based on hot day hovering performance and is powered by a pair of
General Electric GE1/J]1 gas generators. It is designed for search and
rescue operations or, alternatively, for general cargo transport. Figure 1l
shows the general arrangement, while Tables 2 and 3 list the basic charac-
teristics and weight breakdown, respectively.
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This aircraft is intended to spend most of its fiying time in the
stopped-rotor regime. In this mode the Rotor/Wing is locked with one
blade pointing forward and the others swept back. As shown in Figure
12, a streamlined, well-sealed aircraft configuration is obtained by
means of fairing doors on the fuselage that close tightly against the for-
ward blade, a turtleback fairing that raises io fair the rear of the hub into
the aft fuselage, and pneumatic seals that close the gap between the bottom
of the hub and top of the fuselage. For the short-term powered or autoro-
tating rotor modes, these fairings and seals open to allow rotor clearance.

The performance of this aircraft is calculated for the MIL-STD-210A
hot atmosphere. Figure 13 is a plot of its hover performance and Figure
14 shows its speed-altitude and rate of climb characteristics for its
design gross weight.

Its mission capability is best shown by Figures 15 and 16. The former
shows its potential for search and rescue operations. In these, the aircraft
takes off initially in an overload condition and arrives at the rescue site at
its design gross weight, so that it can hover at once if required to pick up
personnel. Figure 16 is a plot of its payload-range characteristics. The
VTO curves are, of course, for vertical takeoff; the STO curves are for a
helicopter-type running takeoff in ground effect; the CTO curves are for an
airplane-type takeoff with the rotor locked and a long runway available. A
payload limit line is included, to indicate the payload restriction for the
shorter ranges if vertical landing at the destination is a requirement. This
chart indicates that the recovery transport aircraft can easily ferry itself
to any point in the world, since the longest range required is the 2500*
nautical miles from California to Hawaii.

HOT CYCLE PROPULSION SYSTEM RESEARCH AND
DEVELOPMENT RESULTS

Recogniz ng the potential improvement in rotor system characteristics
offered by the Hot Cycle system, the Army, Navy, and Air Force spon-
sored, with Hughes, an investigation to establish feasibility and to provide
technical data for application of the concept. This program culminated in
late 1961 and early 1962 in successful whirl tests of the 55-foot diameter
Hot Cycle rotor. Gas was supplied to the rotor by a J57 turbojet at the
conditions and flow rate of two T64 gas generators, for which the rotor was
designed. A total of 60 hours of whirl testing was performed.

Following the successful completion of a 60-hour whirl test program,
a flight research program was initiated under the sponsorship of the U. S.
Army (AVLABS), with the U. S. Navy participating by furnishing YT64-6
gas genevators to power the XV-9A Hot Cycle research vehicle. Starting

*Including allowance for headwinds.
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in late 1964, a series of ground and flight tests was begun. These included
15 hours of whirlstand testing, 50 hours of ground testing, and 35 hours of
flight testing and were successfully completed in the summer of 19654,
Figure 3 shows the XV-9A in flight, and Figure 4 is a schematic of its pro-
pulsion system.

As a result of the extensive whirl tower, ground test, and flight test
experience,

1. The feasibility of the Hot Cycle system is proven.
2. The predicted performance capability is verified.
3. Thne low noise level is confirmed.

4. All basic data needed for operational applications are
available.

The verification of performance predictions by the flight tests of the
XV-9A helicopter, as shown in Figure 17, is indicative of the accuracy of the

performance prediction method. This same method is used in all the
performance predictions for the Hot Cycle applications and design stud es.

ROTOR/WING RESEARCH AND DEVELOPMENT
WORK ACCOMPLISHED

Rotor/Wing research and development work began at Hughes in late
1962 and has continued to date. Three major activities have been completed :

Hover tests

Rotor/Wing alone wind tunnel tests

Complete model Rotor/Wing wind tunnel tests
ROTOR/WING HOVER TESTS

The Rotor/Wing concept requires the lifting rotor to have a centerbody

large enough to support the weight of the aircraft when acting as a fixed
wing at a reasonable conversion air speed. Because no data were available
to show the effect of so large a centerbody on the hovering performance of
a rotor, a series of tests was conducted by Hughes during the winter of
1962-63 to experimentally investigate the Rotor/Wing, Figure 18.

The test program was set up to determine four characteristics:

1. The hovering efficiency of the rotor with a large centerbody
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(and to find if an optimum centerbody planform shape exists)

2. The efficiency of symmetrical (fore and aft) blade airfoil
sections, since in the stopped-rotor flight one blade is in
reversed flow (compared with helicopter flight) and symmetry
of configuration was thought necessary.

3. The effect of the ratio of centerbody area to rotor area.
4. The ground effect for hovering near the ground.

Three centerbodies, of the relative size* and shape shown in Figure 19,
were built for these tests, and a number of blade airfoil sections, all of
15-percent thickness ratio, were tested with each hub: NACA 0015,
circular arc with parabolic leading and trailing edges, elliptical, and
elliptical with camber. A rotor diameter of 80 inches was established
so that the model could be used later in a low-speed wind tunnel.

Since rotor testing is a difficult art at best, and the results are
affected by wind gusts, the test setup, the proximity of buildings, and so
forth, it was decided to test a standard or reference rotor of conventional
geometry along with the Rotor/Wine configurations. In this way, the test
facility could be completely checked out, and an accurate comparison could
be made with conventional helicopter performance. The outline of the
reference rotor is indicated in Figure 19.

All models were powered by a pneumatic drive, using high-pressure,
cold air to simulate tip-jet effects on the rotor performance.

As one would suspect, the thrust produced in hovering was proportional
to the exposed length of the blades; thus the rotor with circular hub was
most efficient, followed closely by the trisector hub, and then by the
triangular hub. The circular arc airfoil section proved to be the most
efficient of the double-ended sections. The configuration selected as the
best compromise for hover and cruise flight was the trisector hub and
circular arc blades. Extended blades that were 20 percent longer than the
original blades were tested, to permit investigating the effect of hub-to-
disc-area ratio, and showed a 10-percent increase in thrust going from a
hub/disc ratio of ( 4 to 0. 30, as indicated in Figure 20. Figure 20
also shows the thrust and torque characteristics of the Rotor/Wing com-
pared with the reference rotor. In the thrust region where we want to
operate the Rotor/Wing, there is a power penalty for constant thrust of
25 percent for the extended blade version. This is considered to be an
acceptable price to pay for a VTOL system that has the promise of high
subsonic flight speeds and outstanding payload-carrying ability.

*Each hub had the same planform area: 11. 9 square feet.
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Preliminary analysis indicated the possibility of an adverse ground
effect caused by evacuating air from the bottom side of the centerbody. It
was also thought that this effect might have hysteresis with ground plane
height; that is, show different augmentation effects depending on whether
the Rotor/Wing was approaching or leaving the ground.

Figure 21 shows the effect of ground plane height for thrust data
reduced to a common torque coefficient and plotted as the ratio of thrust
in ground effect to thrust out of ground effect. No noticeable hysteresis
occurred between the ground plane moving up and ground plane moving
down, and the Rotor/Wing exhibited a ground effect somewhat improved
over that of a conventional helicopter rotor>.

WIND TUNNEL TESTS OF ROTOR/WING ALONE

In the spring of 1964, Hughes loaned two of the Rotor/ Wing models
used in the hovering tests to the Navy (BuWeps) for subsonic wind tunnel
tests at the David Taylor Model Basin Aerodynamics Laboratory (Figure
22). These stopped-rotor tests were made using the triangular and circu-
lar hub models with elliptical and NACA 0015 airfoil section blades. The
data (Figure 23) showed that the Rotor/Wing configuration has lift and drag
characteristics similar to those of other low aspect ratio wii._:. One
important finding was that one blade should point forward and the other two
sweep back for best stability in pitch.

WIND TUNNEL TESTS OF COMPLETE ROTOR/WING MODEL

After completion of the hover model tests and the stopped-rotor tests
of the Rotor/Wing alone, the main area of investigation remaining was the
feasibility of the conversion procedure from running- to stopped-rotor and
back again. To study this, as well as powered-rotor, autorotating-rotor,
and stopped-rotor characteristics of the complete model, the model shown
in Figure 24 was built under contract to the Office of Naval Research, with
the Bureau of Naval Weapons participating. This model, which was of
approximately one-sixth scale compared with a proposed full-scale Rotor/
Wing ASW aircraft, completed two series of wind tunnel tests in the spring
of 1965 at the David Taylor Model Basin Aerodynamics Laboratory.

The powered-rotor aerodynamic characteiistics were measured over
a forward flight speed range corresponding to approximately 60 to 150
knots for a full-scale aircraft, and are plotted in Figure 25%. The lift

*Conventional rotor blade pitch terminology is used:

=A, -Ajcos y -Bjsiny -Ajcos2 ¢y -B,sin2 ¢y -
however, unlike the conventional flapping rotor, the A, terms make the
Rotor/Wing develop pitching moments, and B, terms make it roll.
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developed by the Rotor/Wing is less than would be expected from a conven-
tional rotor, because of the small blade span and download on the hub.
Figure 26 shows a comparison between the Rotor/Wing and a helicopter in
hovering and in forward ﬂight2'3.

The Rotor/Wing, which has no flapping hinges at the blade roots,
develops a strong tendency to roll toward the retreating side of the rotor,
but this is easily cancelled by application of lateral cyclic 2itch.

Autorotation is planned to be a transitory step between the helicopter
and airplane modes of flight, although extended flight could be performed
in this mode. The aerodynamic characteristics of the Rotor/Wing aircraft
in autorotation are given in Figure 27.

In airplane flight with the Rotor/Wing stopped and locked, one of the
main points of interest is the lift-to-drag ratio. As Figure 28 shows,
the maximum trimmed L/D of the model is 8. 6. To convert to full-scale
lift/drag ratio, we correct first for Reynolds number effects6, and then
for a low-drag fuselage configuration. The model fuselage was contoured
to enclese the internal mechanisms without trying to achieve minimum
drag. These corrections indicate a maximum L/D of approximately 10 for
the basic Rotor/Wing geometry, and this occurs at an indicated airspeed
of 210 knots — a value high enough to result in good cruise speeds at high
altitudes.

If we go to longer blades than the basic model had, the resulting
increase in aspect ratio should increase the maximum lift/drag ratio as
shown in Figure 29, and it is intended that a full-scale Rotor/Wingaircraft
could achieve a maximum lift/drag ratio of 12. A second benefit arising
from the longer blades would be a lowered disc loading and increased
hovering efficiency, as shown in Figure 30, which indicates that the hover-
ing figure of merit will be somewhat less than 0. 6 for a full-scale aircraft.
This is thought to be an acceptable penalty for a VTOL aircraft that can
cruise at speeds approaching 500 knots.

It is planned to usc an all-movable horizontal tail for both pitch and
roll control in stopped-rowcr flight —~ the two halves used in unison for
pitch and differentiaily for roli, as in the manner of the X-15 and the
F-111. Tests in the wind tunnel showed this to be a satisfactory method
of control.

Conversion tests were made in the wind tunnel using two techniques.
The first was a pseudoconversion in which the rotor was powered to run
at various rpm's while the tunnel speed was held constant and the roter
blade pitch controls and model angle of attack were manipulated to main-
tain a constant lift force and zero rolling moment. From these data, a
map, such as Figure 31, was drawn and paths selected through it to make

-—
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the rotor accelerate and decelerate. The second technique used a com-
pletely unpowered rotor and an automatic programming device that sensed
rotor speed and followed the predetermined schedule of collective pitch,
cyclic pitch, and fuselage angle of attack shown in Figure 32. This
resulted in aerodynamic moments that would start or stop the rotor while
maintaining constant lift, zero rolling moment, and a small pitching mom-
ent that could easily have been compensated by the horizontal tail if the
proper incidence were used. Figure 33 shows the pitch, roll, and lift
response of the model during a conversion.

While automatic conversions were demonstrated in the wind tunnel,
manual conversions were also made, with ~esults indistinguishable from
the automatic runs — indicating that a pilot could easily fly the aircraft
through conversion without help {rom automatic programming devices.

The details of the response of the Rotor/Wing at very low rpm's are
quite interesting. Figure 34 shows a time history of the Rotor/ Wing shaft
bending moments transferred into pitching and rolling moments in the non-
rotating fuselage coordinate system for the first three revolutions of the
rotor during an automatic conversion, starting from zero rpm. Because
of the extreme stiffness of this particular model, it ran at rpm's well
below the thrce-per-rev resonance speed, and the roior airloads could be
measured by reading the shaft bending moments without heing confused by
the phase shifts, resonances, and so forth, that usually obscure airload
data in more conventional rotor models. During the first half of the {irst
revolution, a nose-down trim change occurred. Before the beginning ot
the second revolution, an equilibrium was established, and only a nominal
amount of three-per-rev moment was delivered by the rotor from then on.
Converting these ai‘ernating moments to angular displacements of a full-
scale aircraft, we see in Figure 35 that the response is small and should
be felt as no more than a short-duration shudder as¢ the rotor starts or
stops. The lateral acceleration felt by the pilot's head at a point three
feet above the center of gravity is approximately +0.15 g - no more than
the steady-state lateral acceleration allowed by military specification7.
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CONCLUSIONS

The Hot Cycle Rotor/Wing high-speed VTOL aircraft is a unique new
concept that promises a high subsonic speed aircraft that has:

1. Cruise efficiency superior to that of a delta-wing jet airplane.

2. Vertical takeoff and landing capability approaching the efficiency
and operational advantages of a helicopter.

3. Simplicity and low empty weight.

Sufficient test data have been established in the Hot Cycle XV-9A
program and in the Rotor/Wing whirl-test and wind tunnel test programs
to indicate that such a performance potential exists and to make it pos-
sible to proceed to the next step in the design and development of a full-
scale aircraft with good assurance of success.
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TABLE 1
SYMBOLS AND NOMENCLATURE

Longitudinal cyclic pitch control angle, degrees
Second harmonic longitudinal cyclic pitch angle, degrees
Number of rotor blades
Rotor blade tip loss factor
Lateral cyclic pitch control angle, degrees
Rotor blade chord, feet
Drag force, pounds
Horizontal tail incidence angle, degrees
Differential horizontal tail incidence angle, degrees
Lift force, pounds
Rolling moment, foot-pounds
Pitching moment, foot-pounds
Yawing moment, foot-pour.ds
Rotor speed, rpm
Profile power factor
Torque, foot-pounds
Dynamic pressure, pounds/square foot
Rotor radius, feet
Airspeed, knots
Side force, pounds
Rotor plane height above ground, feet
Fuselage angle of attack, degrees
Fuselage side-slip angle, degrees
Rotor collective pitch angle, degrees

Rotor blade twist angle, degrees

Rotor advance ratio, _@_Q_Y_
2 1 g NR R

Ratio of rotor blade root radius to blade tip radius

. . b c
Rotor solidity ratto.( - R)
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Fuselage roll angle, degrees

Rotor rotational speed, radius/second

Q
Torque coefficient (p +R3( g R)Z)

o
Thrust coefficient ( ) xRZ( a R)T>

D
Drag Coefficient (W)

) .. L
Lift coefficient <W>

. . . . M
Pitching moment coefficient ——
’ (q r R )

Rotor shaft bending moment coefficient transferred into fuselage

coordinate system, rolling component L R

Rotor shaft bending moment coefficient transferred into fuselage

. : . M
coordinate system, pitching component (L R)

M
Rotor shaft bending moment coefficient (L 2 >
R
3/2

Crp

Cq

Figure of merit 0.707
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TABLE 2
BASIC CHARACTERISTICS, RECOVERY/TRANSPORT VTOL AIRCRAFT

Rotor/Wing diameter, ft 70
Disc area, sq ft 3850
Number of tlades 3
Wing area Locked), sq ft 1300
Span (locked), ft 63
Aspect ratio 3.3
Length overall, ft 106
Height, ft 21
Cabin volume, cu ft 2000
Crew accommodations for pilot, copilot, crew chief

General Electric GE1/J] gas generators 2
General Electric cruise fans 2

TABLE 3

WEIGHT SUMMARY, RECOVERY/TRANSPORT VTOL AIRCRAFT

Pound
Rotor/Wing group 7990
Tail group 1590
Body group 5900
Landing gear group 2040
Flight controls group 1920
Yaw control system 140
Miscellaneous propulsion system 1050
Engines 1310
Cruise fans 1300
Instruiaents 150
Hydraulic equipment group 460
Electrical cquipment group 610
Electronic equipment group 290
Furnishings equipment group 680
Air conditioning and anti-icing group 800
WEIGHT EMPTY 26, 230
Crew 600
Rescue equipment 350
Oil and unusable fuel 180
Fuel (basic mission) 18, 140
DESIGN GROSS WEIGHT (VTO) 45, 500
MAXIMUM GROSS WEIGHT 68, 000

(overload at load factor = 2. 0)
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Figure 3 XV-9A Hot Cycle Research Aircraft
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ABSTRACT

A comparative design study is presented of four fundamentally different
VIOL types which utilize propellers as their primary cruise system. The
Tri-Service four-ton mission forms the basis against which a quad tilt
propeller, tilt prop/rotor, and two direct 1lift jets, one with cruise thrust
vectoring and the other without, are compared.

Results of a parametric analysis, based on current state-of-the-art
capabilities, are discussed with particular emphasis placed on mission per-
formance and evaluations are made on the basis of productivity and vehicle

empty weights as these parameters are held to be good indexes of system costs.

In addition, some design problems are discussed in the context of current
technology.

The direct 1ift jet with cruise thrust vectoring is seen to emerge from
the design study as the design concept possessing the highest mission
effectiveness.
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INTRODUCTION

During the past ten years many studies and investigations of VIOL aircraft
have been made and a large number of experimental aircraft built and tested.
The scope of this work has been extremely broad--but one fact is clear. Feasi-
bility of vertical takeoffs and landings with aircraft having both satisfactory
payload to gross weight ratios and the speed and range of conventional aircraft
is no longer a prime question. Current VIOL technology is such that the ques-
tion of feasibility is being replaced by questions of economics and operational
suitability. Consequently, the problem of what form a VIOL will take for a
given requirement is more important than the question of will it work? No single
VIOL is pre-eminent for all operational requirements, and thus a variety of VTOL
forms can be expected as a result of a great variety in mission requirements.
Conversely a particular set of mission requirements can be expected to lead to
a particular form of VTOL.

Figure 1. TRI-SERVICE SUBMITTAL Figure 2. SIKORSKY CH-53A

This study used a mission similar to the Tri-Service four-ton mission as
the operational requirement against which a broad spectrum of VIOL's were para-
metrically synthesized, then optimized and finally evaluated against each other.
The parametric analysis was greatly facilitated by the extensive data available
from our own Tri-Service submittal (figure 1), as well as the large amount of
information published throughout the aerospace industry on aircraft of similar
capabilities. The Sikorsky CH-53A (figure 2) helicopter served as an additional
source of data particularly in such areas as the fuselage, undercarriage, and
subsystem weights. This helicopter, currently the most advanced VIOL assault
transport in volume production, has the same payload and volume characteristics
as those required in the study.

As expected, a particular generic type of VIOL emerged as 'be:. suited"
to the low altitude, low subsonic speed requirements of the Tri-Service mission.
Characterized by their propeller cruise propulsion systems, four design
solutions form the subject matter of this paper.
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The mission requirements used in this study are generally similar to those
against which the XC-142 tilt wing is currently being evaluated.

A. Performance:

1. Hover ceiling, OGE, 6,000' 82  F. at military power.

2. Cruise speed S.L. Std. - 250 knot minimum at normal rated power.

3. Maximum speed S.L., Std. - as limited by military power and/or
structural strength-weight tradeoffs.

B. Mission Profile:

1. Warm up, conventional take off, and accelerate to speed -
5 minutes at S,L. Std. normal rated power. (T64-ST159 engines only)

2. Cruise out 200 nautical miles at S.L. Std. conditions, with four tons
payload

3. Hover at design gross weight OGE for five minutes st S.L. Std.

4. Land and reduce payload to two tons (no fuel consumed).

5. Cruise back 200 nautical miles at S.L., Std. conditions.

6. Land - (no fuel consumed).

C. Additional Requirements:

1. Ten percent of total mission fuel to be held in reserve.

2. 105% of engine manufacturer's guaranteed especific fuel consumptions
to be used in all fuel computations.

3. Cargo compartment to be 30 feet long x 7.5 feet wide x 6.5 feet high.

4. Fuel tanks to be self-sealing on bottom third.

5. Propellers, rotors, engine inlets, aerodynamic surfaces, and cockpit
windshield glass to be anti-iced.

6. A limit load factor of +3 to -1.0 g to be applied.

Certain group weights to be maintained as invariant, such as, cockpit,

furnishings, electrcnics, navigation, cargo floor, crew, air

conditioning, and auxiliary equipment.

8. Control at 6000' 82.°F. OGE must meet AGARD specifications as a
m'nimum, with 1007 application on critical axis plus a 15% simul-
taneous application on remaining two axes.

9. Vehicle must be capable of continued level ilight at design gross
veight in the event of loss of one cruise powerplant.

~

This mission was chosen for a company funded study because of Sikorsky's
long standing interest in all forms of VIOL transports. It was also felt
that a large number of configuration choices existed in the assault transport
area and that these require sorting out.

TECHNICAL APPROACH

The design data presented in this paper has been generated by
synthesizing families of VIOL transports with parametric techniques. The
fundamental aircraft operating characteristics used as inputs are: hovering
altitude, hovering ambient air temperature, hovering time, cruise speed,
cruise altitude, and range. Gross weight is assumed and payload is computed
as a function of gross weight. The assumed gross weight is varied until the
desired payload is exceeded. This procedure is one of continuous iteration
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in which payloads are determined at each gross weight with fixed installed
power and mission capability. A continuous variation of payload with gross
weight similar to figure 3 is generated. Illustrated here is the fact that
for constant available power, the payload capability will increase with gross
weight up to a point beyond which payload will diminish. Every point along

the gross weight scale has a corresponding set of lift system parameters
determined by the required performance.
Since the available power is constant,
1ift system size and weight becomes
disproportionately large and heavy
as gross weight is continuously in-
creased. This trend, plus the influ-
ence the 1ift system growth has
on other aspects of the vehicle,
results in the payload capability
eventually decreasing. Point B of
figure 3 is therefore trivial since
it represents a grossly inefficient
solution. The lightest gross weight
and the smallest vehicle that will
completely perform the mission is at
point A. The determination of this
point for each vehicle form is the
object of the parametric synthesis.

Figure 3. PAYLOAD VS GROSS WEIGHT With the vehicle now defined

(by the soluticn at point A) the

unavoidable assumptions which must be made in any parametric study are tested
for realism by a closely coordinated design study. This involves design
layouts supported by performance refinement calculated on digital computers;
and stability, control, and handling qualities examined in six degrees of
freedom on an analog flight simulator. Deficiencies uncovered in this manner
are corrected, parametric assumptions are modified, and the process of design
iteration is continued until a closed solution is obtained.

DISCUSS ION

The four solutions selected for comparative evaluation in this paper
are: a tilt prop/rotor, a tandem wing quad tilt propeller, and two direct
11ft jets, one of which uses its propeller cruise propulsion system in the
vertical flight mode and one which does not. All of these aircraft make
multiple use of the General Electric T64-ST159A turboshaft engine having
characteristics as defined in Ref 1. In the two jet configurations, the lift
engine installations are made up of multiple Continental model 465 turbofans

as described in Ref 2.

PAYLOAD — POUNDS

GROSS WEIGHT — PAUNDS

TILT PROP/ROTOR

The tilt prop/rotor (figure 4) utilizes two 28.2 foot diameter, four
bladed cyclic feathering, offset hinge, articulated prop/rotors for both the
hovering mode and the cruise mode. Power is provided by four turboshaft engines
mounted close inboard and cantilevered off the rear spar of the wing. This
location was selected to provide both good engine access as well as to minimize
yaw and roll inertia. Coupling gear boxes containing free wheeling units



Figure 4. TILT PROP/ROTOR

connect the engines to the cross
shafting. The AR = 6 wing has an
area loading of 106 pounds per square
foot and represents a design trade-
off between cruise efficiency and
transition characteristics. As can
be seen in figure 4, the large
flaperons which serve both as
allerons and flaps are deflected
downward 90 degrees to minimize the
hovering vertical drag. These sur-
faces are programmed with the prop/
rotor tilt angle and are also con-
nected via a combination mechanical
phasing/mixing unit to the pilot's
control and the prop/rotor cyclic
pitch system.

The desirable features of a
flapping prop/rotor, such as strong

control and light weight, have been retained by glving careful consideration
to the problems of dynamic stability (Ref 4), rotor induced vibration, and
elastic coupling between the wing and the prop/rotor which it supports. It
was found for example that the weight penalty in the wing could be minimized
by a structural tuning process, particular attention being given to the wing's
torsional modes. Dimensions and weights of the tilt pProp rotor design are

t“own in table 1.

Tabie 1. Tilt Prop/Rotor

Engines

Four turboshaft engines
Rotors

Diameter 28.2 fc.

Activity factor 100

Integrated design lift coefficient 0.5
Overall length 58.7 ft.
Overall height 26.0 fc.
Wing

Span 47.6 fr.

Avea 377.0 sq.ft.

Taper ratioc 0.7
Horizontal tail area
Vertical tail area

Weight Weight, lbs
Rotor group 3,556
Tail group 710
Wing 2,320
Transmission system 2,830
Fuselage 4,086
Controls 1,450
Electrical 576
Hydraulics 130
Landing gear 1,429

Powerplant group 3,965
Fuel system 475
Invariant items * 2,744
Weight empty 24,269

Crew; oil and trapped fluids 760
Fuel 7,800
Payload 8,000
Gross Weight 40,829

G.E. T64-ST159

151.0 sq.ft.
95.6 sq.ft.

* electronics, instrumentation, navigation equipment,
furnishings, anti-icing provisions, air conditioning
and auxiliary gear

The tilt prop/rotor is faced
with a dilemma. It is, when applied
to the ground rules of this study,
forced to operate well below its
maximum obtainable productivity.

The principle reason for this being
the hovering altitude and temperature
requirements imposed, which in turn
lead to a propulsion system mis-
match with the sea level cruise
requirement. This mismatch can be
reduced by the use of relatively

low disc loadings thereby reducing
the installed power. However, the
larger diameter prop/rotors so re-
quired adversely effect the wing
span and wing weight as wel! as be-
coming disproportionality heavy in
themselves. Shut down of two engines
to provide a power match is con-
sidered untenable from a flight
safety standpoint since the mission
profile must be flown at tree top
level. Shut down of one engine helps
somewhat as does lowered prop/rotor

tip speeds. Multispeed gearing was examined and found too heavy. In short, no
panacea could be found and it is concluded that the tilt prop/rotor vehicle
must accept, for this mission, a relatively poor cruise efficiency. It should
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be pointed out through, that improved cruise efficiencies can be obtained from
the tilt prop/rotor configuration when it is operated at higher altitudes and
airspeeds. In other words a different set of mission requirements.

An interesting aspect of this power mismatch though is the relatively high
sea level dash speed capability of the tilt prop/rotor vehicle. This could well
be a very desirable attribute from the standpoint of survivability since an
assault transport will be called upon to operate in the zone of combat.

Figure 5. QUAD TILT PROPELLER

Table 2. Quad Tilt Propeller

Engines

Four turbosh engines G.E. T64-ST159
Propellers

Diameter 18.5 ft.

Activity factor 90

Integrated desig~ lift coefficient 0.5

Overall length 51
Overall height 22
Forward wing

Span 30

Area 138
Aft wing

Span 34

Area 275
Vertical tail area 106
Weight Weig

Propellers 2,

Tail

Wing group 2

Transmission system 2

Fuselage 4

Controls 1

Electrical

Hydraulics

Landing gear i,

Powerplant group

Fuel system

Invariant items 2,
Weipht empty 22

Crew; oil and trapped fluids

Fucl 7s

Payload 8,
Gross Weight 39,

.6
WA

.0
.0

.0
.0
.C
ht,
960
266

,248
,733
,030
,192

576
130
381

4,019

478

744

, 157

760
930
000
447

fr.
ft.

ft.

sq.ft.

£t

sq.ft.
sq.ft.

1bs

QUAD TILT PROPELLER

The tandem wing, tandem tilt
propeller aircraft illustrated in
figure 5 is supported in the vertical
mode and propelled in the cruise mode
by four 18.5 foot diameter, four
bladed, conventional propellers.

Four turboshaft engines, two forward
and two aft provide the power. In
hovering and low speed flight, pitch
control is obtained by differential
propeller pitch between the fore and
aft pairs. Roll control is similarly
obtained by differential pitch be-
tween lateral pairs. Adequate low
speed yaw control was obtained only
after differential propeller tilting
was employed. Differential thrust-
ing with diagonal pairs or aerodynamic
surfaces operating in the propeller
wakes were both found to be unsatis-
factory (Ref 5). In cruise flight,
control about all three axes is by
use of conventional aerodynamic sur-
faces. Transition control is obtained
by a combination of propeller pitch
and aerodynamic surfaces, propeller
control being phased out as the
nacelles are tilted forward to the
cruise position. Clean axis control
is insured by control programming
through a mechanical mixing unit.

The principal characteristics of the
quad tilt propeller are shown in
table 2.

The quad tilt propeller con-
figuration suffers from much the
same problem as does the tilt prop/
rotor machine. There is still the
mismatch between hover pcwer and
cruise power requirements and again
a careful tradeoff between propulsion
system weights and fuel weights re-
sulted in the best solution being in-
ferior to the configurations which
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use lift engines from the standpoints of cruise (fficiency and transport
productivity.

DIRECT LIFT JET

This form of VIOL 1is characterized by the fact that it obtains most or
all of its zero airspeed 1ift by means of directing the exhaust gases from
lightweight turbojets or turbofans downward. These take the form of specialized
engines designed for relatively short time operation at a particular set of con-
ditions or of a more universal engine designed so as to be capable of Jectoring
its thrust for either 1lift or cruise. A 1lift system is made up of one or the
other or a combination of both types of engines.

In the course of this study several design approaches to the direct lift
jet assault transport were examined. Early concepts had the 1lift engines moun’ :d
in wing pods that also housed the cruise propulsion system and the main under
carriage. A large cruise drag penalty is associated with this approach due to
the nacelle bulk and cross sectional area dictated by the turbofan 1ift engines.
Pod structural weight is also significant and so alternate arrangements were
examined. Great freedom in configuration design is possible within the direct
1ift concept and subsequent effort led to installing the 1lift engines in the
fuselage itself, disposed fore and aft of the cargo compartment. With this
arrangement the cruise drag attributable to the hovering 1lift system is negli-
gible and the lift engine installation weight is minimized. In cruise, this
configuration presents the outward appearance of a conventional modern turbo-
prop transport. Its principal characteristics are shown in table 3.

The sea level, 250 knot cruise
requirement of the study mission
makes propeller propulsion an obvious
engineering choice. With 1lift engines

Table 3. Direct Lift (No Cruise Thrust Vectoring)

Engine
'?\:: :urboprop engines G.E. T64-5T159 used as thehovering 11 fe By8tem’
Eight turbofan lift engines Continental 465 the cruise propulsion system becomes
i e entirely independent of the hovering
Activity factor 80 altitude and temperature requirements.
Integrated design lift coefficient 0.5 d
Overall lengith 60.0 ft. Hence no compromise is necessary an
&trllhﬁsm 22.0 fe. a cruise mismatch need not be ac-
Span 58.3 ft. cepted. Both the propellers and the
- e installed power can be selected to
Horizontal tail area 120.0 sq.ft. provide peak performance in cruise.
VERATHILLEAE, anen B RS Propulsive efficiencies approaching
Propelless 14 907 are possible, and significant
e A 3,960 improvements in specific range as
ﬁxgh” fﬁ% compared to, the tilting category
Controls "855 of VIOL are obtained.
:;2:33 by The iterated direct 1lift design
Lawing gear 1,647 solution of this study has two turbo-
Powerplant group 2,971 y
Fuel systen 5 prop engines each driving a 3 vay,
= 'I.r;l\‘urhnt {tems ziuzgg 13 foot diameter, propeller. The
e t empt ’
Gerur offi and. traprddl flutds 760 eight turbofan 1lift engines in two
Fuel 5,990 groups of four are differentially
Payload 8,000
Gross Weight 36,170 thrusted for hovering pitch control.

Compressor bleed air from these
engines is ducted to wing tip
variable area nozzles to provide roll control. Yaw control is obtained by
differential thrust from the cruise propellers. In this manner the three
axes are essentially uncoupled and efficient use can be made of the cruise
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Propulsion system while in the hover
mode. No cross shafting is employed
since it is possible to retain con-
trol even in the event of a cruise
engine failure while hovering. In
this event however, control is de-
graded and the pitch and yaw axis
become coupled.

As with any type of VIOL, loss
of an engine during hover can not
be permitted to result in an uncon-
trollable situation. With a lift jet
supported transport this is a par-
ticularly difficult thing to achieve.
A flight simulator study clearly
demonstrated the need for automatic
failure sensing and power management

Figure 6. DIRECT LIFT JET foliowing a 1lift engine malfunction.

The reason for this is that in a

transport, the lift engine banks are not located on or very near the aircraft's
center of gravity. Hence loss of an engine means, in addition to a loss in
vertical thrust, an upsetting control moment. Depending on such factors as
engine location and number of engines used, this upsetting control moment can
be quite substantial. Time histories of aircraft response following a 1lift
engine failure have shown that the time between failure and corrective action
is critical. Simulation studies are continuing at Sikorsky on this aspect
but this much is already clear; a high installed thrust to weight ratio is not
in itself sufficient to provide the degree of safety required in a transport
VIOL in the advent of a lift engine failure.

DIRECT LIFT JET--WITH CRUISE THRUST VECTORING

Several earlier Sikorsky Aircraft studies in which direct 1ift vehicles
were examined had concluded that in the category of transports it was highly
desirable to vector the cruise propulsion system. In this manner the cruise
propulsion engines supply a share of the lift thrust and only the remainder is
provided by lift engines. The aircraft in these studies had, however, all
used turbofans or turbojets for cruise
propulsion while for this low altitude
low speed mission, a propeller was the
S—— TURBOJET desirable choice. Figure 7 shows a
e TIPS qualitative comparison of the manner
P praLEL in which thrust capability will vary
as a function of speed for a turbojet,
a turbofan and a propeller all de-
signed to provide identical thrust
T — at a particular set of cruise con-
REQUIRED COMBINATION OF THRUST AND SPEED ditions. Shown here is that a pro-
peller is a good static thrust pro-
ducer and hence its use in hover
should be worthwhile providing that
vectoring its static thrust through
ninety degrees can be accomplished
Figure 7. PROPULSION CHARACTERISTICS efficiently. A numbcr of schemes for

THRUST AVAILABLE
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doing this were examined.

Included were:

slipstream vectoring by means of a

flap system in the propeller wake, rotating wing tip mounted propeller nacelles
(similar to those on the tandem wing quad tilt propeller configuration), and
lastly rotating the outer portion of the wing which carry the propeller nacelles.
In all cases the engines were mounted at some distance from the propellers, are

not tilted, and are shaft interconnected.

The first two of the above schemes

were eventually discarded as being either, inefficient, too heavy, possessed of

serious control problems, or all three.

The last scheme, however, proved to be

a particularly attractive arrangement and it is this configuration that emerged.

from the design study as "best of lot."

Figure 8. DIRECT LIFT JET
(with cruise thrust vectoring)

Table 4. Direct Lift (With Cruise Thrust Vectoring)

Engines
Two turboshaft engines
Six turbofan lift enginus

Propellers
Diameter 14.0 ft.
Activity factor 120.0
Integrated design lift coefficient 0.65
Overall length 55.5 ft.
Overall height 19.3 fe.
Wing
Span 58.3 ft.
Area 418.0 sq.ft.
Taper ratio 0.34
Horizontal tail area 120.0 sq.ft.
Vertical tail area 97.0 sq.ft.
Weight Weight, 1bs
Propellers 1,030
Tail 700
Lift engine group 2,988
Wing 2,920
Transmission system 1,298
Fuselage 4,330
Controls 850
Electrical 576
Hydraulics 160
Landing gear 1,231
Powerplant group 2,115
Fuel system 365
Invariant i{tems 2,744
Weight empty 21,307
Crew, o!ll and trapped fluids 760
Fuel 5,100
Payload 8,000
Gross Weight 35,167

G.E. T64-ST15%
Continental 465

This aircraft, illustrated in
Figure 8., utilizes two turboshaft
engines driving two 14 foot diameter,
interconnected, propellers and six
turbofan lift engines mounted in fore
and aft banks of three engines each.
The propellers have been sized to
provide optimum performance in cruise.
During hover and low speed operation
they are tilted with the outer wing
panel to a vertical position to pro-
vide a portion of the lift and control
required. The lift engines have only
to supply the remaining portion.

Pitch control in hover is piovided by
differential thrusting of the 1lift
engine groups, longitudinal stick be-
ing coupled to the engine fuel con-
trols. Roll control is by means of
differential propeller pitch, and

yaw control is by means of differen-
tial ailerons operating in the pro-
peller slip streams. Thus, by making
use of the propellers the hovering
control system is made simpler and
more efficient by eliminating the need
for a reaction control system. Ade-
quate control is obtained without the
use of lift engine bleed air and its
associated penalties in vertical
thrust and pneumatic system com-
plexity. The net required installed
thrust-to-weight ratio is therefore
minimized by virtue of the reduced
demand this control configuration
places on the available power. In
addition this configuration provides
a large stall margin during a decel-
erating transition because maximum
propeller thrust can be maintained
throughout the maneuver while the
lift engines provide the vertical
control. Table 4. presents the
Principal characteristics of the direct
lift jet with cruise thrust vectoring.
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~- VTOL.

This arrangement of tilting wing-propeller units combined with 1lift engines
provides a lower system hovering SFC than that associated with a purely jet lifted

Shown in Figure 9. is the sensitivity of these two approaches to lift

engine operating time per flight, as measured by aircraft design gross weight.
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Figure 9. SENSITIVITY TO HOVER TIME
COMPARISONS

250 knots cruise.
to which they are designed.

NAUTICAL MILES/ POUNDS FUEL

SPECIFIC RANGE -

span loading.

The gross weights are parametric
solution weights and represent a
continuous variation ir aircraft
parameters. For almost any con-
ce'vable flight profile, 1lift engine
operating time can be expected to ex-
ceed two minutes. Thus it can be
seen from Figure 9. that the weights
assoclated with tilting the propel-
lers will be more than offset by the
lower fuel requirements, and the
simpler and lighter 1ift engine in-
stallation that results. Simpler
because of the absence of a bleed

air reaction control system and
lighter because of the lower instal-
led thrust necessary to meet the hov-
ering thrust and control requirements.

Figure 10. which illustrates cruise efficiency in terms of nautical miles
per pound of fuel consumed, graphically shows the effect of cruise mismatch.
The tandem wing quad tilt propeller vehicle and the tilt prop/rotor vehicle
have approximately twice the power installed than that required for sea level

T
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Figure 10. SEA LEVEL, SPECLFIC KANGE

This results from the 6000 foot ANA hot day hover capability
Since shut down of two engines is considered as

impractical for safety reasons,

the specific ranges shown in Figure
10. have been based on allowing

only one engine to be shut down at
the mission speed of 250 knots.

The non-optimum power settings re-
sult, then, in relatively poor
engine SFC's. In addition the low
blade loading of these tilting

types results in a comparatively low
prop/rotor or propeller efficiency.
These aspects combine to produce a
specific range for the tilt prop/
rotor which is 237 less than that of
the jet 1ift VIOL's (at the mission
speed of 250 knots). The tandem
wing quad tilt propeller has a
specific range 247 less. The slight
advantage of the tilt prop/rotor
over the quad is due to its lower

High altitude cruise increases this advantage.

As a result of the excess power available in cruise to either the tilt
o prop/rotor or the quad, high rates of climb or high dash speeds are possible.
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These aircraft do not become power limited until 400 knots. However, the
design study solutions presented in tables 1. sand 2. would be somewhat dif-

g g

ferent for any sea level speed above 310 knots. Structural considerations
reflecting the increased aerodynamic loads as a result of the sea level gust
environment would necessitate increases in weight in several areas of the basic
airframe.

A NS

PAYL OAD

- POUNDS

F YLOAD

Again confining our comparisons

i6, 000 _I

—m—— T LIPT

Warsran  TILT PROP/ROTOR

12, 000
awmessws  QUAD TILT FOP

R XKD

4, 000

to the 250 knots sea level case with
take-off at design gross weight, we
find that the higher total L/D
(includes propulsion efficiencies ) of
the jet lifted types results in

either higher payload or greater
mission radius capability than the
tilt types for any mission radius

— 4 exceeding 200 nautical miles. This

is 1llustrated in Figure 1l1. where

\\\\\> the comparative cruise efficiencies

MISSION  RADRUS NAUTICAL. MILES

Figure 11. PAYLOAD VS RADIUS

of the study aircraft characterize
the slope of their respective pay-
load versus mission radius plots.
What happens when these air-
craft are operated each at their own
optimum cruise altitude and airspeed?

30, (xxp l

A5 SUHPT LS

Figure 12. is a comparison of payload
versus range at optimum cruise con-
ditions. The tilting forms, because
they are now operating at altitude

0,000 ™0 DACINES GPERATIN: rather than sea level, are allowed
— to shut down two engines. Thus we
v TR N find all four study aircraft ex-
T ot tae . 1hyeee 1) hibiting essentially the same absolute

10, (XX}

range. In this plot the take-off is
STOL at & reduced load factor of 2.5,
and thus the absolute range shown is
also the ferry range. All four air-
craft are thus seen to be self-

] 1, ENMR I, (0

RANGE - NAUTICAL MILES

Figure 12. PAYLOAD VS RANGE
OPTIMUM ALTITUDE AND AIRSPEED

o deployable.

It is interesting to observe
the higher optimum cruise speeds and
cruise altitudes the tilting forms
possess over the jet lifted aircraft.
The reason for this can be found in

the low blade loading associated with the prop/rotors or propellers of the tilt
types. Operation at high advance r
the blade section iift coefficients closer to their L/D maximums and hence high

propulsion efficiencies (Ref. 6).
lifted configurations were selected on the basis of 250 knot sea level cruise.

Even under optimum conditions

rotor or the tandem wing quad tilt
jet lifted VIOL's. They are still
optimum blade twist distributions.
it is necessary for the tilt types
on board than the direct 1ift jets

atios and low air densities tends to bring
On the other hand, the propellers on the jet

of cruise however, neither the tilt prop/
propeller attain the specific range of the
suffering from too much blade area and non
Thus for a 3000 nautical mile ferry flight,
to take off with over 5000 pounds more fuel
require.
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Figure 13. SUMMARY COMPARISON ON THE BASIS OF PRODUCTIVITY

Productivity for a transport can be expressed as:
productivity = (payload x cruise speed)/weight empty

This relates the two most important aspects of a transport mission with air-

craft cost by assuming that initial cost is to a first approximation, proportional
to weight empty. Perhaps of equal interest because of its bearing on operating
cost and logistics is productivity per pound of fuel consumed.

fuel productivity = (payload x cruise speed)/fuel load

A configuration that exhibits a high numerical value of these two indexes is

a better choice than a configuration exhibiting low values. Shown in Figure 13.
are these indexes for the four aircraft types discussed in this paper. This
figure is held to be a summary of all that has been previously said. Clearly
the direct 1ift jet which uses its cruise propellers for vertical thrust

emerges as the concept possessing the highest mision effectiveness.

CONCLUSIONS
For the low level, low speed, transport mission used as the basis of this
study, propeller driven configurations have the capability required to provide
competitive design solutions.

1) Of the four fundamentally different types presented in this paper, the
tilting wing-propeller with auxiliary turbofan lift engines for hovering and
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low speed flight emerges as the most promising concept. It is a well-balanced
solution possessing good off-design performance plus good hovering and low

speed control characteristics. 1Its vertical flight capability does not adversely
effect cruise efficiency and no cruise mismatch resulcs from the imposed combin-
ation of hovering altitude and temperature with the sea level 250 knot cruise
speed requirement. In fact the complete flexibility of load sharing between the
the lift engines and the propellers 7.ring the design optimization process,
allows for both the cruise power and cruise thrust producers to be matched
precisely to any imposed cruise requirement.

2) The latitude of design freedom opened up by the 1lift engine and the
attractiveness of the solutions obtained assures future designs for operational
VIOL aircraft the moment availability of a ''second generation" 1lift engine can
be forecast.

3) The marriage of tilting propellers with auxiliary 1ift engines extends
the domain of jet supported aircraft into the low speed sea level assault
transport category. Thus the 1lift engine has application across the entire
spectrum of flight and is not limited to purely high speed VIOL strike aircraft
as several investigations have concluded.

4) The desirability of recovering the static thrust of the cruise pro-
pulsion system has been found to remain true even when cruise propulsion is
provided by propellers. For the case of the design solutions presented in this
paper the benefits accrued from tilting the propellers as compared to not
tilting the propellers on the jet lifted configurations include:

a) lower hovering SFC

b) fewer 1lift engines required
c) 1lighter design solution

d) more efficient control

5) The tandem wing quad tilt propeller and the tilt prop/rotor vehicles
are both found to be inferior design approaches as applied to the selected
study mission. Other mission requirements such es longer hover time, higher
cruise speed requirements or less stringent hover conditions would make these
forms more attractive. Also their relatively low downwash velocities and
temperatures may be desirable from the standpoint of suitability for operating
from unprapared landing sites. However, the aerodynamics of these forms,
particularly during transition, pose a difficult contr.i and handling qualities
problem. Finally, the weight penalties originating from lightly loaded 1lift
systems will be difficult to justify, unless hover times exceeding 15 minutes
are necessary or unless a low velocity downwash is mandatory.
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IMPACT OF CONTROL PROVISIONS ON MISSION
PERFORMANCE OF JET VTOL AIRCRAFT USING
REACTION CONTROL SYSTEMS

John Patierno
Haig Asdurian

Northrop Norair

ABSTRACT

Control power composition and usage are characterized. It is demon-
strated that handling quality considerations dictate large control power
margins over minimum levels for performing maneuvers, but control utiliza-
tion distributions show that these large control demands are sporadic. A
fully variable bleed reaction control system which capitalizes on this
characteristic is compared with various constant bleed systems. The .thrust
losses associated with control provisions with each system are presented for
a typical transonic jet VTOL design employing the composite propulsion
system concept. The radius penalty associated with the increased 1ift engine
size required to maintain a constant takeoff gross weight is presentzd for
each system and the gross weight increase required to maintain a given close
support mission radius is defined. In addition, the radius capability
afforded by a given propulsion system size is defined for each system.

It 1s shown that fully variable bleed systam with the engine tailored
to match control demands has substantial advantages over other systems,
particularly as the mission performance requirements are increased.

INTRODUCTION

The design of a flight control system for VIOL aircraft for hover and
transition flight requires careful consideration to assure that maximum
mission performance is achieved while providing the control power and hand-
ling qualities necessary to assure mission success. Nothing short of
excellent controllability should be accepted and a control system that
efficiently provides this capability must be sought. Since the provision of
control power entails extraction of energy from the lifting system, the
lifting capability of the aircraft is penalized in the process. This results
in a loss in fuel or payload capability. In order to minimize this penalty
the engine design must be tailored to match the demands of the antrol system.
A concentrated joint effort on the part of both the airframe and engine
manufacturer i{s essential to achieve an optimum system. However, it is
the authors' opinion that insufficient effort has been directed toward the
problem. While much attention has been focused on defining control power
requirements and desirable control modes, and a wealth of information has
been published, design approaches for efficient provision of control power
have not been set forth. Yet, few cesign areas provide the aircraft designer
with as fertile a field for improvement in VIOL aircraft performance.
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This paper is presented in order to indicate the effect on mission
performance of various system approaches for jet powered vehicles utilizing
engine compresscr bleed for reaction control. Initially, control power
requirements and control utilization are discussed and where appropriate,
recommendations for establishing design criteria are made. This discussion
provides the background necessary for assessing various constant bleed and
variable bleed concepts. A typical transonic VIOL design employing the
composite propulsion system concept is then exercised in order to compare
the concepts in terms of the radius capability at a constant design takeoff
gross weight. The results for this design are then generalized to indicate
the mission radius capability as a function of design takeoff gross weight
for each concept. In addition, the radius capability afforded by a given
propulsion system size is determined for each concept.

CONTROL POWER REQUIREMENTS

Prerequisite to “he design of an efficient reaction control system is
a basic understanding of control power requirements. It is not the intent
of this paper to present a thorough treatment of control power requirements,
but to characterize the composition and usage of control power in order that
a reaction control concept tailored to these characteristics to minimize
penalties fcr control provisions can be defined. As proposed in Reference 1,
control power requirements can logically be grouped into maneuvering, trim,
and restoring requirements.

Manauvering requirements are those associated with controlling the move-
ment of the vehicle to a degree allowing satisfactory performance of required
flight tasks. Basically, the vehicle must be capable of being oriented
sufficiently rapidly to allow perforuance of required takeoff and landing
trajectories in the most severe operational enviromment envisioned for the
airplane. Isolated task analyses indicate that relatively low control powers
are sufficient to provide the response necessary to maneuver the airplane to
a degree allowing performance of practical flight profiles with minimal
penalties in fuel consumption. However, many flight simulation programs and
flight test investigations have shown that handling quality considerations
and attention sharing significantly increase the control power required over
that indicated by the isolated task analyses. The pilot demands complete
confidence in the vehicle and margins over minimum requirements to perform
the tasks. He prefers large control inputs for short periods to small control
inputs for long periods, even though the latter approach can theoretically
allow adequate performance of flight tasks. With rapid response to his
commands, corrections can be performed quickly allowing attertion to be
devoted elsewhere.

For example, a number of research investigations have indicated that the
control power levels required for emergency operation are substantially lower
than those required for normal operation. The lateral control data obtaived
with the variable stability X-14A (Reference 2) is shown on Figure 1 to
demonstrate the point. The damping-control power relationship is shown for
Cooper pilot ratings of 3-1/2 and 6-1/2 corresponding to minimum acceptable
systems for normal operation and emergency operation respectively. A Pilot
rating of 6-1/2 implies that the aircraft can successfully complete its
required flight tasks, and Figure 1 indicates that a control power as low as
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.70 rad/sec.2 is sufficient. However, the pilot desires a substantial

margin over this level for acceptable handling qualities for normal operation
as evidenced by a minimum acceptable control power of 1.75 rad/sec.2 for a
pilot rating of 3-1/2. These data reveal two significant points. First of
all, waximum mansuvering commands must, by necessity, be sporadic in nature.
For example, if a control power level of 1.75 rad/sec.2 is commanded for as
long as 1 second, a 100 degree attitude change would result, which is obviously
higher than practical. If the reaction control system can be designed to
provide these sporadic commands without penalizing the 1ifting capability of
the vehicle during normal control usage, the perfommance losses associat-d
with control provision would be minimized. Secondly, since handling qualities
considerations are ipportant in determining maximum requirements, potential
reductions in pilot acceptance of control power margins are possible by
optimizing the functional characteristics of the control system (force gradients,
stick sensitivities, stability augmentation system characteristics, etc.).

For example, data presented in reference 3 «nd 4 indicate that high stick
sengitivity can result in substantial reducticns in required control power.

Also, it is the authors! opinion that it is unrealistic to define
maneuvering control power requirements while isolating the effects of gusts,
disturbarces in ground proximity and gyroscopic coupling, although these
considerations should rigorously be included under restoring requirements.
These factors directly influence the ability to perform precis~ maneuvers
and reflect on the pilot's judgment of acceptable maneuvering control power
levels. It seems clear that maneuvering control power requirements must be
defined with simultaneous consideration to all interrelated factors that
effect the characteristics of the vehicle while maneuvering.

Trim requirements are those necessary to cope with center-of-gravity
travel, thrust unbalance (during vectoring), engine or stability augmentation
system (SAS) failures, jet induced aerodynamic pitching moments during
transition, and aerodynamic moments in steady winds at hover or in transition
principally due to jet induced effects. These requirements are all very
much dependent on configuration, and with proper configuration design are
minimal comparcd to the maneuvering control power requirements. In addition
to the capability of trimming engine failures, restoring control power margins
are necessary for arresting motion, and to return the vehicle to initial
conditions. Restoring capability must also be available to override
stability augmentation system (SAS) failures and defines the limit of SAS
authority. These restoring requirements need not necessitate additional
control power over trim and maneuvering requirements depending on the con-
figuration design.

In order to determine the total control power requirements, the maneuver-
ing, trim, and restoring requirements must be combined in a rational manner.
Table 1 shows a recomzended approach for establishing the critical total
react.ion control power requirerents for normal and emergency operation. Two
altecrnatives are shown for emergency operation. If the mission is to be
aborted upon engine failure, the control power to restore the airplane to a
safe attitude for pilot escape or a favorable impact attitude is critical.
However, if the mission is to be continued, satisfactory control for maneuver-
ing under emergency conditions must be available and the more critical of the
maneuvering or restoring requirements should be provided. The total control
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power required for each pertinent fligh” condition must be determined to
identify the critical design condition. It is not the purpose of this paper
to elaborate on definition of total control power requirements. The salient
point that is intended to be conveyed is that maneuvering requirements are a
major portion of the total control power required and are greatly influenced
by handling quality considerations. These requirements are a consequence of
the pilot's desire for relatively high control power margins over minimum
levels to perform tasks, but for normal attitude changes the maximum levels
are required for durations substantially less than a second.

CONTROL POWER UTILIZATION

Since maneuvering control inputs are time variant with large inputs of
short duration, determination of the utilization characteristic of maneuver-
ing control demands i{s an important consideration for the design of the
control system and for determination of VTOL takeoff performance. A control
system design approach which properly matches the spectrum of maneuvering
control demands to the engine bleed source should provide the most efficient
airplane. Trim requirements are essentially constant with time for a
particular flight condition. Restoring requirements represent emergency
situations and are of very short duration when they do occur. Therefore, the
normal control utilization is primarily the superimposition of maneuvering
inputs over the trim requirements. In order to demonstrate the typical
time variant characteristic of maneuvering control power demands, a repre-
sentative attitude change will be considered. In hovering flight, attitude
changes are primarily confined to a range of +20 degrees in pitch and roll
which implies that large inputs for maneuvering are introduced for extremely
short periods of time. Figure 2 shows a time history for a pitch attitude
change of 20 degrees from a hover condition with a rate command system and
the airplane represented as a '"pure inertia.'" (Aerodynamic and gyroscopic
coupling effects are neglected.) A maximum control power of .90 rad/sec.?2
and a damping level of -1.5 1/sec. were used for the example. The pilot
input, SAS input, and the resultant pitch attitude and rate versus time are
shown. In addition, the net acceleration (sum of absolute magnitude of the
pilot and SAS acceleration input) is shown. The results show that a steady
state pitch angle of 20 degrees is attained in approximately 2.5 seconds.
The net acceleration time history indicates that the pilot input is washed
out rapidly by the SAS input, and the mean control power required for the
maneuver is only .26 rad/sec.2. A control power utilization distribution
for the maneuver can be cdefined and is shown in Figure 3. The distribution
is defined by determining the percent time at or above a given net acceler-
ation level during the maneuver. Examination of the distribution indicates
that large control power levels are introduced for a small percentage of
the total maneuver time.

Utilization distributions representing the accumulation of gll maneuvers
performed during takeoff, landing, hovering, and transition would be expected
to be lower than the example since a majority of attitude changes are some-
what smaller in magnitude. However, there is insufficient data presently
available to adequately define accumulated utilization distributions. In
order to gain some insight as to the order of magnitude of accumulated \
utilization characteristics a review of unpublished flight test data and
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flight simulation results with jet powered vehicles was made. Based on these
dats, Figure 4 presents estimated utilization distributions for the roll,
pitch and yaw axes. The mean utilization levels for each axis are shown.
These data are not the result of a systematic investigation aimed specifically
toward development of utilization data with close control of test conditions,
and should not be interpreted as a rigorous set of design guides. A con=-
certed research program directed toward establishing utilization data is
strongly recommended. However, the estimated data should be a good first
approximation and demonstrate that the control power inputs are nominally
quite low. The data are basically pertinent to VFR hovering and takeoff and
landing tasks where pilot workload is highest and therefore critical in terms
of utilization. Flight simulation studies have shown that control power
utilization for IFR tasks is lower than for VFR. Due to a reduced rate of
flight information input to him, the pilot is less willing to make gross
attitude changes for maneuvering under IFR conditions. The estimated data
are associated with a rate command control mode, but it is not anticipated
that control mode has any significant effect.

Figure 5 is presented to illustrate this point. Time histories are
shown for an attitude command system with essentially the same response as
the rate command system of Figure 2 (20 degrees attitude change in 2.5
seconds). The pilot and stability augmentati on system inputs as a function
of time are again shown. The attitude command feedback gains were 4.0 1/sec.
and 4.3 1/sec.2 for the rate and attitude loops respectively, and a control
pover of 1.5 rad/sec.? is required to achieve the same response. The contrcl
power utilization curve for this system is presented in Figure 6 and compared
with the rate command system shown on Figure 3, Although the maximum control
power is higher with the attitude system, there is no indication that there
is a significant effect of control mode on mean utilization. It is not the
purpose of this paper to elaborate on the pros and cons of rate command
versus attitude command modes. However, a significant point demonstrated in
Figure 5 is that with an attitude command system the SAS input must be higher
than the pilot input. Therefore, the authority of the SAS cannot be limited
to allow pilot override of system failures. This implies that extremely
reliable systems with multiple redundancy must be provided. In the authors'
opinion, redundancy notwithstanding, the elimination of pilot override
capability is not good design practice i{f there is any possibility of pro-
viding an acceptable system approach which gives the pilot this ability. With
a rate command system the authority of the SAS can be limited without
significantly altering response characteristics. In any case, the control
utilization characteristics should not be appreciably effected regardless
of the control mode employed.

In addition to the utilization of control power for each axis, it is
equally important to define the combined utilization of all axes simul-
taneously. The mean reaction force utilization for each axis is directly
additive to define the total mean utilization, but definition of the total
utilization distribution is difficult. An approximate method is to assume
that inputs for each axis are randomly distributed and the reaction forces
for each axis car ve added in a statistically random manner. This should be
a good assumption for flight in the hovering regime where there is negligible
coupling between axes. The app-oximation is probably not quite as good for
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maneuvers at high transition speeds where coordination for banked turns is
required due to aerodynamic coupling between the roll and yaw axes. It is
recommended that the requirement for maximum simultaneous application of
control be established on the basis of the predicted total reaction force
utilization distribution. A design criteria which requires the capability

of achieving the total reaction force commanded perhaps 1 to 5 percent of the
time should be adequate. Reference 5 states that the pilot should be able to
obtain full control power about all axes simultaneously. It is felt that this
requirement 18 unreasonable and results in unnecessarily severe penalties to
the design. In order to demonsgtrate the suggested approach, the approximate
method for defining the total reaction force utilization described above will
be applied to a typical aircraft later in the paper.

Reference 5 also requires that; to provide sufficient height control
during vertical takeoffs, vertical thrust available out of ground effect
should be at least 1.05 times the aircraft takeoff weight assuming that 50
percent of the .vailable control power is being used simultaneously about all
axes. This requirement is judged to be unrealistic on two counts. Definition
of a 5 percent thrust margin out of ground effect may not allow takeoff
depending on the ground effect characteristics of the vehicle. Therefore, it
is suggested that the 5 percent margin also apply to vertical thrust in
ground effect. In addition, the 50 percent simultaneous control power utili-
zation is much too severe and unduly penalizes airplane performance. Inputs
of that magnitude are used for extremely short periods as will be demon-
strated for the typical application below. Even if the thrust loss associated
with a control demand of that magnitude is relatively high with the particular
reaction control system empleyed, the durations are so short that the effect
on the takeoff trajectory would be insignificant. It is recommended that the
thrust margin requirement apply at the mean utilization of maneuvering control
power in each axis simultaneously plus the trim requirements.

TYPICAL APPLICATION

The typical transonic close support VIOL aircraft shown in Figure 7
will be exercised to demonstrate the basis for the recommendations noted
above and to provide a base vehicle for a comparative evaluation of various
reaction control system concepts. The airplane is designed for a takeoff
gross weight of 30,000 pounds with full interna! fuel and a 3000 pound pay-
load. Pertinent characteristics are given in Table 2. The composite pro-
pulsion system consists of four lift turbojets rated at 6250 pounds each, and
two lift/cruise turbofans rated at 5000 pounds each. The installed thrust
indicated in Table 2 reflects a 10 percent thrust loss accounting for pressure
recovery, exhaust gas re-ingestion, and ground effects but no penalty for
control provisions. (The weight of the reaction control ducting and nozzles
are accounted for in defining the fuel capability.) An installed thrust to
gross weight ratio of 1.05 in ground effect is used. The increase in rated
engine thrust to accommodate control provisions, and the corresponding
reducticn in fuel capability will be determined for each of the reaction
control systems that will be applied. Only the lift turbojets are used as
the bleed source for the reaction control systems. Control nozzles are
located at the wing and fuselage extremities of the vehicle and all xoll and
pitch reaction forces are directed upward (downward efflux) to maximize the
net vertical force. The maximumm control power levels for the airplane are
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shown in Table 2 and should be representative of excellent handling qualities.
The trim control power levels are based on the estimated critical center-of-
gravity location for the pitch axis and hover in a 35 knot side wind for the
roll and yaw axes.

Using the control ppwer utilization curves of Figure 4, the maneuvering
reaction force utilization curves for the typical airplane are given in
Figure 8. The total reaction force utilization for all three axes is shown
in Figure 9 based on a statistically random distribution of inputs for each
axis as previously discussed. The reaction forces corresponding to 50 and
100 percent simultaneous application of maneuvering control power for each
axis are shown. Control demands greater than 50 percent simultaneous appli-
cation only occur approximately 2 percent of the time. A 50 percent simule
taneous application would appear to be a good basis for a design requirement
and is used for this analysis. With the reaction force data defined in
Figures 8 and 9, the reaction control system concepts described below will be
applied, and the net vertical force available at takeoff after provisions for
control will be determined for each. Using these results the increase in
rated engine thrust required to maintain a 30,000 pound design takeoff weight
will be defined for each. The most efficient approach is to hold the lift/
cruise engine size and increase the size of the lightweight 1lift engines
since this results in minimum penalty to fuel capability. An estimate of the
ratio of incremental 1ift engine thrust to incremental airplane empty weight
of 8.0 is employed. This is based on a bare engine thrust to bare engine
weight ratio of 17.0 and acocounts for additional installation weight, in-
cluding fuselage structure, associated with the increased engine size.

The mission selected is a close support profile with optimum cruise out
and back at an altitude of 500 feet and 30 minutes of loiter for a combat
allowance.

Reaction Control System Concepts

Several method. of engine control and operation are possible to accommo-
date compressor bleed air extraction. Turbine inlet temperature (TIT) must
be held within the capability of the engine design and stall free operation
of the compressor preserved. As compressor discharge air is taken from the
cycle, engine thrust decreases with the magnitude of the decrease dependent
on the mode of engine operation. Consequently, it is important to minimize
the required bleed air quantity and to select a mode of engine operation
that is least penalizing to the aircraft as a whole.

Following 1is a brief description of some of the possible modes of engine
operation along with the incurred jet nozzle thrust penalties. Figure 10
exhibits typical turbojet 1ift engine jet nozzle thrust decay characteristics
for different modes of engine operation as compressor bleed air is extracted.
Figure 11 presents a typical characteristic of reaction force available as
a function of percent bleed airflow. Figure 10 indicates that highest thrust
losses occur when a fixed exhaust area engine rated at zero bleed is operated
to stay within TIT limits. A reduction of rpm is required with attendant
thrust losses as shown by Curve 1. Curve 2 repersents the same engine oper=-
ating at rated rpm with exhaust area varied to maintain rated TIT. This
curve represents the locus of an infinite number of fixed exhaust area engines
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set up for specific percentages of bleed. Curve 3 represents the thrust
variation for variable bleed extraction from a fixed exhaust area engine set
up to operate at rated turbine inlet conditions at a preselected bleed
quantity. This engine would operate under t..perature at bleed flows lower
than rated and overtemperature above rated bleed. Thermal lag permits
operation at temperatures above rated on a transient basis. Figure 12 presents
the transient overtemperature exposure capability of a representative uncooled
turbine 1ift turbojet engine. In view of the fact that aircraft control
demands are time dependent, and that increasing control magnitudes are asso-
ciated with decreasing demand durations, the engine transient turbine temper-
ature capability may be used to advantage.

Various reaction control systems that can be formulated on the basis of
these engine characteristics are described below. Each of these systems is
applied to the typical aircraft to determine the engine bleed air require-
ments and the effect on the net vertical force at takeoff (the sum of the jet
nozzle thrust and the net upward acting reaction control forces). The results
are discussed below with the system descriptions and summarized on Figure 13.

Variable Bleed System A: This system employs fully variable compressor
bleed air extraction from the 1lift engines with the nozzles or valves in the
control lines serving to meter only that flow required to meet the instan-
taneous aircraft control demands. In this way, the fully variable bleed
system lends itself to the simplest aircraft plumbing system consistent with
minimum bleed flow. It is not necessary to control the discharge of a
constant quantity of flow and bleed flow is available to any control axis.
As such, utilization of the minimum quantity of bleed air is insured. Bleed
air demand from the engine is effected simply by opening of the appropriate
control nozzles. The engine bleed air ports, air distribution ducting and
control nozzles are all sized to provide the maximum required control capa-
bility in each axis. The rated bleed level corresponding to rated TIT must
be selected to provide an acceptable turbine temperature enviromment for
demands higher than the rated bleed level. There is insufficient data at
this time for a rigorous selection., For this analysis the rated bleed level
is selected to provide the mean utilization reaction force level. Preli-
minary indications are that this should result in an acceptable temperature
environment as will be {llustrated. For the example airplane, a total of
2000 pounds of reaction force is required to satisfy the mean utiligzation
plus trim reaction control requirements (Figure 9). With the 1ift engines
rated at the bleed level required to produce this force level Figure 13
indicates that an installed jet nozzle thrust loss of 3600 pounds will result.
However, a reaction force of 1600 pounds is recovered vertically. These
results are shown on Figure 13. An increase of 8.9 percent in lift engine
size is required to provide the 2000 pound additional net vertical force to
maintain a takeoff gross weight of 30,000 pounds. With the increased 1lift
engine size the percent bleed required to provide the mean utilizstion plus
trim reaction forces is determined to be 8.8 percent from Figure 11
(FReaction/FRated Zero Bleed = 2000/27200 = .074). With the engine trimmed
at this level the TIT variation with bleed extraction for a typical lift
turbojet is as shown in Figure 14. The maximum bleed level correspondiag to
application of 50 percent of the control power in each axis simultaneouely
plus trim is 17.¢ percent. The maximum potential overtemperature is shown
to be 215 degrees Fahrenheit. 1In order to show the distribution of TIT
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variations, Figures 9, 11, and 14 are combined to define Figure 15. The
resulting distribution indicates that the overtemperature excursions consti-
tute a small percentage of time. Since this distribution represents a
composite of numerous individual bleed demands with periods of below rated
temperature operation interspersed with overtemperature periods, the over-
temperature excursions should be well within the transient capability
illustrated on Figure 12. It should be noted that this exposure will only
occur during operation at tak ~ff power settings. At lower power settings,
such as that required for hover at takeoff weight, and reduced weights, little
or no operation above rated turbine inlet conditions will result as illus-
trated on Figure 16.

Variable Bleed System B: This system employs a fixed auantity of bleed
air which is extracted continuously plus a variable quantity for intermittent
use. The engine is operated at rated conditions at the fixed quantity of
bleed and overtemperature at higher bleed flows. This system is less taxing
on the engine compressor design as a result of smaller bleed air transient
extractions. If the fixed quantity corresponds to that required for mean
control utilization, the same performance as indicated for Variable Bleed
System A would result. However, the engine temperature environment is
more gsevere than the fully variable system since engine temperature would
not drop below rated for control demands less than mean utilization.
Therefore, for an acceptable turbine operating enviromment, rated conditions
must be established at a substantially higher bleed level resulting in larger
thrust losses than the fully variable bleed system. Also, in order to supply
the maximum control demands for each axis the complication of providing for
bleed air transfer between axes is necessary, or higher maximum bleed levels
than the fully variable system are required.

Constant Bleed System A: This system is the simplest constant bleed
concept that can be applied. The bleed air required for maximum control
power in each axis is delivered continuously and control moments are effected
simply by modulating flow within each axis. However, since the design require-
ment for simultaneous application of control is only 50 percent of the
maneuvering control power in each axis plus trim, the 7600 pound total re-
action force required (Figure 9) is somewhat higher than the 4100 pound mini-
mum reaction force possible. The net vertical force is defined by adding
the 5000 pound reaction force for maximum pitch and roll control power
(Figure 8) to the jet nozzle thrust for rated temperature at the 7600 pound
reaction force corresponding to 100 percent simultar.ecus control application.
Figure 13 shows the net vertical force for this system and indicates that
an increase of 37.0 percent in 1lift engine size is required for a 30,000
pound takeoff weight. Also, the bleed required is approximately 26.5 percent
which may be higher than practical.

Constant Bleed System B: This system reduces the required bleed air
extraction from the engines for Constant Bleed System A by supplying bleed
alr corresponding to full control power in pitch and roll only, and rotating
the pitch nozzles for yaw control. Pitch and roll control moments are again
effected by modulating flow within each axis. This system is relatively
simple and does not require a substantially higher total reaction force
(5000 pounds) than the minimum to achieve the design requirement for simul-
taneous control application (4100 pounds). The net vertical force is defined
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by adding the maximum roll reaction force, and the vertical component of the
pitch-yaw nozzle reaction force at the rotation required for yaw mean utilie-
zation to the jet nozzle thrust for rated temperature at the 5000 pound total
reaction force level. Figure 13 shows the net vertical force for this system
and indicates that a sizeable improvement is opotained over Constant Bleed
System A. The lift engine size increase required is 18.0 percent. Bleed
requirements are also reduced to 20.1 percent against 26.5 percent for
Constant Bleed System A.

Constant Bleed System C: This system concept is based on minimizing the
constant bleed air extraction from the engines to a level corresponding to
the design requirement for maximum simultaneous application of control power
(50 percent of the maneuvering requirement in each axis plus trim). However,
a system complexity penalty must be paid to achieve this minimum bleed in
that large control demands is one axis require flow to be diverted from the
other axes or from a neutral nozzle. The total control nozzle area must be
held constant as variations in control inputs are introduced necessitating

a complex system design. The total reaction force required for this system
i1s 4100 pounds (Figure 9). The net vertical force capability is defined by
adding the total reaction torce less the 450 pound yaw reaction force
corresponding to mean utilization (Figure 8) to the jet nozzle thrust at
rated temperature at the bleed level for the total reaction force reguired.
Figure 13 shows that only a small additional advantage over Constant Bleed
System B is obtained. A 17.0 percent increase in 1ift engine size is required.
The maximum bleed requirement can also be reduced to 17.9 percent but these
gains are not significant in the light of the associated increased system
complexity.

Migsion Performance Trade-Offs

The 1ift engine sizes required for a 30,000 pound takeoff gross weight
for the reaction control systems described above, are summarized in Table 3.
Also presented, are the effect on fuel capability and the resultant mission
radii. These results show that the variable bleed system results in approxi-
mately half the radius penalty for control provisions as the best of the
constant bleed systems. In addition, the 1ift engine development and unit
cost would be higher as a consequence of the larger engine size required.

In addition to the comparative radii for each system at a given gross
weight, a comparison of the gross weights required for a given radius is
also of interest. In order to accomplish this, a family of aircraft of
varying gross weight and the same general arrangement as the typical
30,000 pound airplane was defined, and the variation of inertia character-
istics and control moment arms with gross weight determined. Since the
inertias increase more than the control moment arms with increasing gross
weight, the resultant reaction forces required are a higher percentage of
the gross weight resulting in higher percentage thrust losses with increased
airplane size. Figure 17 presents the rated 1ift engine thrust increase
required for control provisions as a function of takeoff gross weight for
each reaction control system concept. The lift/cruise engine thrust is
held constant at 33 percent of the takeoff gross weight to maintain the
same design maximum specd capability. Based on these data, the variation of
mission radius with design gross weight is presented in Figure 18 for each
concept. From Figure 18, the gross weight increase required to maintain the

1-107



—r}

215 nautical mile radius of the basic 30,000 pound airplane with no control
prov’sions is defined for each of the reaction control system concepts.

The results are summarized in Table 4. The required lift engine size for
each system is also presented. Although the gross weight required for the
best of the constant bleed systems is not appreciably higher than that
required for the variable bleed system a significant increase in 1ift engine
size is required, which together with a larger lift/cruise engine, and
larger airframe size, result in a significant increase in cost. Figure 18
also shows that with increasing radius the effect of control system on gross
weight required is somewhat greater. Figure 19 presents the percent increase
in gross weight required to maintain a given radius for each of the reaction
control system concepts. The advantages of a variable bleed system become
more pronounced as the migssion radius requirement is increased.

In some applications the objective is to achieve maximum radius perfor-
mance with existing engine sizes. Table 5 is presented to show the gross
weight and radius capability provided by each of the control concepts using
the 1ift and 1ift/cruise engine stizes for the typical 30,000 pound airplane.
Substantial reductions in performance for control provisions result and the
need for an efficient control system is greatly amplified. Again the variable
bleed system results in approximately half the radius penalty of the best
constant bleed system.

CONCLUSIONS

1. A major portion of the total control power required is for maneuvering
and is substantially influenced by handling quality considerations. The
handling quality considerations are manifested in pilot demands for large
margins over minimum control power levels for performing tasks. Much of
the control power required is only utilized sporadically, and therefore
a reaction control concept which produces minimum penalty to the air-
plane lifting capability, considering these sporadic demands, provides
the most efficient system.

2. A fully variable bleed system with the engine exhaust area trimmed to
achieve rated turbine inlet temperature at mean utilization of control,
and operated overtemperature for larger control! demands, provides
minimum loss in thrust for control provisions. Indications are that the
overtemperature and transient bleed enviromment that an engine operated
in this manner would be exposed to should not be prohibitive or result
in a reduction in engine life.

3. Control provisions have a significant impact on mission performance, but
a variable bleed system results in approximately half the radius penalty
at a given gross weight as the most efficient constant bleed system that
can be employed. Also, the increase in gross weight required to maintain
a given radius utilizing a variable bleed system is less than half the
increase required for the most efficient constant bleed system.

4. A concerted research effort should be undertaken to define control

utilization characteristics in order to support development of variahle
bleed control systems, allow establishment of requirements for maximum
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5.

simultanesous control application, and provide a basis for definition of
required thrust margins for vertical takeoff. Preliminary data indicate
that the Reference 5 requirement for simultaneous application of control
power is not realistic. A simultaneous requirement corresponding to

50 percent of the maximum maneuvering control power in each exis plus
critical trim is recommended. Also, the definition of thrust nargins
required for takeoff in Reference 5 is judged to be unrealisti.. It is
recommended that a thrust/weight ratio of 1.05, in or out c¢i ground
effect (whichever is critical), and mean utilization of contro!, be used
to define VIOL takeoff weight.

Designs of future lift engines should take into consideration the require-
ment for transient bleed and temperature excursions as exhibited by a
variable bleed system, and engine qualification requirements should
reflect these transient capabilities.
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Normal Operation Emergency Operation

Control Power Requirement Aborted Mission | Mission Cont'd.
Maneuvering

Normal Operation X

Emergency Operation X*
Trim X X X
Restoring X X*
TOTAL X X X

* Whichever is Critical

TABLE 1  TOTAL CONTROL POWER REQUIRED

Gross Weight 30,000 Lb.
Fuel Weight 8,000 Lb.
Paylecad (1~ + Lb. Bombs) 3,000 Lb.
Engine Thrust Rated Installed
(Sea Level,Std.Day) (In Grd.Effect,No Bleed)
(2) Lift/Cruise Turbofans 5,000 Lb. Each 4,500 Lb.
(4) Lift Turbojets 6,250 Lb. Each 5,625 Lb.
Mcments of Inertias (With Stores)
Roll 18,200 slg. - ft?
Pitch 82,000 slg. - ftr2
Yaw 90,300 slg. - ft2

Moment Arms to Reaction Nozzles
(From Center-of-Gravity)

Roll 15.5 Fe.

Pitch 23.0 Ft.

Yaw 23.0 Fet.

Maximum Reaction Control Power

Roll
Maneuver 1.50 Rad/Sec.?
Trim .15 Rad/Sec.?
Total 1.65 Rad/Sec.2

Pitch
Mar2uver .89 Rad/Sec.?2
Trim .05 Rad/Sec.?
Total .85 Rad/Sec.?

Yaw
Maneuver .60 Rad/Sec.?
Trim .06 Rad/Sec.?
Total .66 Rad/Sec.2

TABLE 2 TYPICAL CLOSE SUPPORT AIRPLANE CHARACTERISTICS
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Lift Engine‘ Fuel

Thrust/Eng. Weight Radius
Control System Lb. Lb. N.Mi.
No Control Provisions 6250 8000 215
Variable Bleed A 6810 7720 198
Constant Bleed A 8560 6840 144
Constant Bleed B 7390 7440 181
Constant Bleed C 7310 7475 183

TABLE 3  MISSION RADIUS PERFORMANCE COMPARISON

(Gtoss WC. = 30,000 Ibo)

Lift Engine Fuel Gross

Thrust/Eng. Weight Weight
Control System Lb. Lb. Lb.
No Control Provisions 6250 8000 30,000
Varisble Bleed A 7040 8300 30,900
Constant Bleed A 10200 9550 35,000
Constant Bleed B 7940 8680 32,100
Constant Bleed C 7810 8600 31,900

TABLF 4 GROSS WEIGHT REQUIRED FOR GIVEN MISSION RADIUS

(Radius = 215 N.Mi.)
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VTOL Fuel

Gross Wt. Weight Radius
Control System Lb. Lb. N.Mi.
No Control Provisions 30,000 8000 215
Variable Bleed A 28,200 6680 158
Constant Bleed A 23,100 2670 0
Constant Bleed B 26,450 5320 95
Constant Bleed C 26,650 5600 104

TABLE 5

MISSION RADIUS PERFORMANCE COMPARISON

(FIXED ENGINE SIZES)
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FIGURE 7. TYPICAL VTOL CLOSE SUPPORT AIRPLANE
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